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Abstract

Tempol is a redox cycling nitroxide that promotes the metabolism of many reactive oxygen
species (ROS) and improves nitric oxide bioavailability. It has been studied extensively in animal
models of oxidative stress. Tempol has been shown to preserve mitochondria against oxidative
damage and improve tissue oxygenation. Tempol improved insulin responsiveness in models of
diabetes mellitus and improved the dyslipidemia, reduced the weight gain and prevented diastolic
dysfunction and heart failure in fat-fed models of the metabolic syndrome. Tempol protected many
organs, including the heart and brain, from ischemia/reperfusion damage. Tempol prevented
podocyte damage, glomerulosclerosis, proteinuria and progressive loss of renal function in models
of salt and mineralocorticosteroid excess. It reduced brain or spinal cord damage after ischemia or
trauma and exerted a spinal analgesic action. Tempol improved survival in several models of
shock. It protected normal cells from radiation while maintaining radiation sensitivity of tumor
cells. Its paradoxical pro-oxidant action in tumor cells accounted for a reduction in spontaneous
tumor formation. Tempol was effective in some models of neurodegeneration. Thus, tempol has
been effective in preventing several of the adverse consequences of oxidative stress and
inflammation that underlie radiation damage and many of the diseases associated with aging.
Indeed, tempol given from birth prolonged the life span of normal mice. However, presently
tempol has been used only in human subjects as a topical agent to prevent radiation-induced
alopecia.
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1. Introduction

1.1. Scope of the review

The rapid increase of interest in the role of “oxidative stress” in a range of disease processes
has focused attention on drugs that prevent the generation of “reactive oxygen species
(ROS)” or enhance their metabolism. The response to such interventions can give insight
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into the underlying role of ROS in the pathophysiology and may point to future therapeutic
targets. Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl) is a member of a family of
nitroxide compounds that has been studied extensively in animal models of increased ROS
and its effects on hypertension and endothelial function. The chemistry of tempol (Carroll et
al., 2000; Bonini et al., 2002; Soule et al., 2007; Wilcox & Pearlman, 2008) and its effects
on the regulation of blood pressure (BP) and endothelial function (Wilcox & Pearlman,
2008; Simonsen et al., 2009a; Simonsen et al., 2009b) have been reviewed recently.
Therefore, the review will not consider these aspects of tempol, except where necessary to
describe new findings. The introduction will provide a very brief overview of the major
chemical reactions of tempol, but readers are refered to the published reviews for further
information on this, and on the effects of tempol on blood pressure and the endothelium.

1.2. Overview of chemical reactions

Tempol can shuttle between the nitroxide radical, the reduced hydroxylamine and the
oxidized oxoammonium cation form with 1 and 2 electron transfer reactions (Figure 1A).
These are facilitated by “boat and chair” conformational changes that underlie the rapidity
and catalytic nature of the reactions. The reaction of tempol with superoxide anion (O, ™) to
form hydrogen peroxide (H,0O5) accounts for its “superoxide dismutase (SOD) mimetic”
action. Although the reported reaction rates between tempol and Oy ~ vary widely, a recent
study reported that the effectiveness of tempol in catalyzing the metabolism of cellular Oy~
was similar to native SOD and only slightly less than the cell permeabilized pegylated form
of SOD (PEG-SOD) (Figure 2). Tempol was as effective in metabolizing cellular O, ~ as N-
acetyl cystein (NAC), but unlike tempol, NAC paradoxically enhanced O, ~ generation at
lower concentrations. Tempol was significantly more effective than other frequently used
“antioxidants” and was far more effective than vitamins (Figure 2). Among a group of 6-
member ring nitroxides, the in vitro SOD-mimetic activity in metabolizing Oy ~ closely
paralleled their in vitro actions (Patel et al., 2006), consistent with the concept that the
biological efficacy of tempol depended on its facility to promote the metabolism of O, —.

Nevertheless, some studies have documented important additional biochemical actions of
nitroxides to facilitate metabolism of a wide range of ROS and reactive nitrogen species.
Indeed, a comparison of the efficacy of tempol in metabolizing cellular O, ~ or H,O5 or in
protecting cells from damaging effects of hydroxyl radical (-OH) demonstrated that the
sensitivity of tempol was greatest for -OH, intermediate for H,O, and least for Oy ™.
Tempol is effective as a catalase-like agent and in preventing the generation of -OH from
H»0, in the presence of transition metals in the Fenton reaction (Soule et al., 2007; Wilcox
& Pearlman, 2008). Thus, tempol is best considered a general purpose redox cycling agent
rather than a specific SOD mimetic (Wilcox & Pearlman, 2008). Tempol is an ampholyte
with a high capacity to permeate cell membranes, the gastrointestinal tract (GIT) or the
blood-brain barrier which accounts for its effectiveness after oral administration and its
central nervous system actions.

The reaction between O, ~ and nitric oxide (NO) yields peroxynitrite (ONOQO~) which is
highly oxidant. Carroll et al demonstrated that tempol inhibited nitration of test compounds
by a large molar excess of ONOO™ and was recovered intact as tempol thereafter, leading to
the conclusion that tempol acted catalytically (Carroll et al., 2000). The reaction entailed
oxidation of tempol by ONOO- derived radicals such as -OH, carbonate or nitrogen dioxide
radicals to the oxammonium cation which itself was reduced back to tempol while oxidizing
ONOO" to oxygen (O,) and NO. The details of these interactions were given by Carroll et al
(Carroll et al., 2000) and were confirmed by Bonini et al (Bonini et al., 2002). Since
peroxynitrite is implicated in many pathophysiologic conditions of oxidative stress, this is
likely an important mechanism of tissue protection by tempol as, for example, in traumatic
brain injury (Deng-Bryant et al., 2008; Xiong & Hall, 2009).
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Saito et al demonstrated an additional reaction of tempol that did not involve the nitroxide
radical (Figure 1B). They reported that :OH interacts with the 4-position of the piperidine
ring of tempol to form 4-oxo-2,2,6,6-tetramethylpiperidine-N-oxyl (tempone) (Saito et al.,
2003). However, at physiologic levels of pH, this reaction accounted for only about 10% of
the reduction of -OH by tempol (Deffner & Schimmack, 1976; Saito et al., 2003) and was
rapidly reversible since tempone was metabolized in cells (Kroll et al., 1999) or in mice
(Kroll et al., 1999; Kroll & Borchert, 1999) to tempol over 10 minutes. High performance
liquid chromatography confirmed that the reaction of tempol with -OH yielded tempol
hydroxylamine (tempol-H) and tempone (Kudo et al., 2008).

1.3. Development of knowledge concerning nitroxides

An extensive series of studies by Mitchell, Krishna, Samuni, Russo, Hahn, Cotrim and
colleagues reviewed recently (Saito et al., 2003; Wilcox & Pearlman, 2008) defined the
biophysical properties of nitroxides and their roles as radiation protection agents. The
authors demonstrated that tempol protected cells (Mitchell et al., 1991; DeGraff et al.,
1992a; Hahn et al., 1992b) and animals (Hahn et al., 1992a; DeGraff et al., 1992a; Liebmann
etal., 1994; Hahn et al., 1997; Hahn et al., 1998; Hahn et al., 2000) from the effects of
radiation. They reported that these effects of tempol were relatively specific for well
oxygenated normal tissues, whereas the hypoxic environment of tumors promoted a rapid
reduction of tempol to tempol-H that lacked radioprotective effects (Hahn et al., 1997;
Cotrim et al., 2005; Cotrim et al., 2007). This led the way to the first use of tempol in human
subjects where it is undergoing clinical trial as a topical agent to protect the hair and skin of
patients receiving cranial radiotherapy for cancer(Metz et al., 2004).

Nishiyama and colleagues demonstrated that tempol protected the kidneys from
glomerulosclerosis in aldosterone-and salt-dependent models of hypertension (Nishiyama &
Abe, 2004; Nishiyama et al., 2004a; Nishiyama et al., 2004b) and protected the heart in
models of cardiac hypertrophy and cardiac failure (Zhang et al., 2005a; Guo et al., 2006).
They demonstrated the importance of the mitogen-activated protein kinase pathway as a
target for the tissue protective effects of tempol (Zhang et al., 2004; Nishiyama & Abe,
2004; Nishiyama et al., 2004a; Nishiyama et al., 2004b; Zhang et al., 2005a). Fujita and
colleagues demonstrated that a reduction of ROS with tempol in models of
mineralocorticosteroid excess and salt prevented the mineralocorticosteroid receptor
signalling and preserved podocyte function in the glomerulus. They demonstrated that
tempol had an anti-proteinuric action and preserved cardiac diastolic relaxation and thereby
prevented diastolic heart failure (Nagase et al., 2007; Matsui et al., 2008; Nagase & Fujita,
2008; Wang et al., 2008a) in models of the metabolic syndrome (Furukawa et al., 2004;
Nagase et al., 2006; Ando & Fujita, 2009) and diabetes mellitus (DM) (Asaba et al., 2007).

Schnackenberg, Welch, Wilcox et al related the biological effects of acute intravenous
nitroxides in hypertensive models to their in vitro SOD mimetic activity (Patel et al., 2006),
to the generation of vascular H,O, (Chen et al., 2007c), to enhancement of NO signaling
(Schnackenberg et al., 1998; Welch & Wilcox, 2001), to inhibition of the sympathetic
nervous system and to activation of adenosine triphosphate-dependent potassium channels
(Chen et al., 2007b). The effects of more prolonged oral tempol administration were not
accompanied by increased vascular H>O, (Chen et al., 2007c) but were related to correction
of oxidative stress (Schnackenberg & Wilcox, 1999) and salt sensitivity (Welch et al.,
2005b). They reported that tempol improved the efficiency with which the hypertensive rat
kidney used oxygen for tubular sodium transport and thereby improved the oxygen tension
in the renal cortex and medulla (Welch et al., 2003; Welch et al., 2005a). They showed
further that tempol restored the endothelium dependent relaxation/nitric oxide (EDRF/NO)
responses and diminished the endothelium dependent contraction factor (EDCF) responses
in the renal afferent arterioles and mesenteric resistance vessels in models of oxidative stress
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and restored NO signalling between renal tubular epithelial cells in the macula densa and the
renal afferent arteriole (Wilcox & Welch, 2000; Welch et al., 2000; Schnackenberg et al.,
2000; Schnackenberg & Wilcox, 2001; Welch & Wilcox, 2001; Wang et al., 2003a; Wang et
al., 2004; Wang et al., 2006). This restoration by tempol of NO signalling within the
juxtaglomerular apparatus may maintain renal blood flow and protect against salt-dependent
increases in BP.

In an extensive set of studies of the protective roles of tempol, Thiemermann et al reported
that pretreatment with tempol prevented ischemia/reperfusion damage in the kidney
(Chatterjee et al., 2000; Patel et al., 2002; Thiemermann, 2003), heart (McDonald et al.,
1999; McCormick et al., 2006), liver (Sepodes et al., 2004) and brain (Cuzzocrea et al.,
2000c), prevented experimental colitis (Cuzzocrea et al., 2000b), arthritis (Cuzzocrea et al.,
2000d) and pleurisy (Cuzzocrea et al., 2000a) and provided protection against shock from
hemorrhage (Mota-Filipe et al., 1999), gram-positive (Zacharowski et al., 2000) or gram-
negative (Leach et al., 1998) bacteria and multiple organ failure (Cuzzocrea et al., 2001).

Gariboldi, Monti and colleagues reported that, in contrast to its effects to reduce ROS in
normal cells (Mitchell et al., 2003; Erker et al., 2005), tempol administered to malignant
cells, or rodent models of cancer, induced oxidative stress, p21 expression, and cell death
(Gariboldi et al., 2000; Ravizza et al., 2004b). In these models of malignancy, tempol
impaired mitochondrial function (Monti et al., 2001), induced apoptosis (Monti et al., 2001)
and exerted anti-proliferative effects (Gariboldi et al., 1998; Gariboldi et al., 2003). Tempol
had synergistic anti-tumor activity with some chemotherapeutic agents, including
doxorubicin and temozolomide (Ravizza et al., 2004b; Gariboldi et al., 2006) which they
related to the interruption by tempol of the multidrug resistance pathway (Ravizza et al.,
2004b).

1.4. Tempol doses and toxicity

Cellular actions of tempol, for example, in preventing O, ~ generation in vascular smooth
muscle cells (VSMCs) stimulated by angiotensin 11 (Ang I1), are characterized by dose-
dependent effects with high efficacy but limited potency. Thus, although tempol was as
effective as native SOD in preventing O, ~ generation by Ang Il in VSMCs, its EDgg was
10-fold higher (Luo et al., 2009). Fully effective concentrations of tempol ex vivo to restore
relaxation responses to acetylcholine in isolated microvessels from rodent models of
oxidative stress, were usually 104M (Wang et al., 2003a; Wang et al., 2004) or even 103M
(Schnackenberg & Wilcox, 2001). Likewise, 104 to 10-3M tempol was used to increase Ang
I1-stimulated NO activity in rat isolated, perfused vasa recta capillaries (Zhang et al.,
2005b). The in vivo antihypertensive response to acute intravenous bolus doses of tempol
showed dose dependency. There was a threshold dose of 17 pmol - kg1 and a maximal dose
of about 130 umol - kg™® (Patel et al., 2006; Chen et al., 2007b). The antihypertensive
response to tempol infused subcutaneously from an osmotic minipump required 200 nmol -
kgl - minL in the spontaneously hypertensive rat (SHR) (Welch et al., 2005b). A similar
rate of infusion was effective in preventing hypertension and parameters of ROS in Ang I1-
infused mice (Kawada et al., 2002). Tempol has been widely effective when added to the
drinking water of rats or mice in concentrations between 1 and 6 mmol - I'1 without any
evidence of dose-dependency within this range (Wilcox & Pearlman, 2008). Thus, oral
doses of 1-2 mmol - I'1 of drinking water are generally used. Care is needed to protect
tempol from light, and to replace the water daily, since tempol solutions discolor and may
lose effectiveness. The lower limits of the effective oral dose of tempol have not been
established and 1 mmol - I’ of oral tempol may be above that required. Nevertheless,
assuming that rats drink about 25-30 ml of fluid daily, 1 mmol - I'1 of tempol translates into
an intake of about 7 mg per day or about 1.5 to 2 gram of oral tempol for an 80 kg human
subject. Tempol has not yet been administrated to human subjects. However, these
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considerations suggest that it may not be very potent when given alone. The finding that
tempol is effective when added to the drinking water of rats or mice has reduced the need for
intraperitoneal (ip) dosing. Tempol, given at 87 umol - kg1 as a once daily ip dose has been
effective in reducing the BP in hypertensive rats (Adeagbo et al., 2003; Awe et al., 2003).

Doses of tempol will be given in this review for key studies or in circumstances where they
fall outside these generally accepted ranges.

Tempol has been well-tolerated in many animal studies. The toxic doses of tempol are
approximately 1 to 2 mmol - kg1 whether given ip (Hahn et al., 1998) or iv (Matsumoto et
al., 2004). Thus, as discussed previously (Wilcox & Pearlman, 2008), the effective doses of
tempol are well below those that cause toxic manifestations.

2. Mitochondrial function and oxygenation

Mitochondrial ROS are produced largely as a byproduct of O, metabolism by the respiratory
chain, in particular by complexes | and Il in the inner mitochondrial membrane and by
monoamine oxidase in the outer membrane (Chance et al., 1979; Poderoso et al., 1996;
Cadenas & Davies, 2000). Mitochondria are also targets for ROS. Tempol prevented Ang Il
from stimulating mitochondrial ROS (Kimura et al., 2005a). The oral administration of
tempol (300 mg - kg™ - d1) to rats prevented the effect of tumor necrosis factor alpha
(TNFo) to increase O, ~ production by the mitochondrial complex 1 subunit in cardiac cells
whereas apocynin, which inhibits nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase, was not effective thereby demonstrating the ability of tempol to inhibit
mitochondrial-derived ROS (Mariappan et al., 2009). Rats transgenic for the renin-2 (ren-2)
gene had hepatic mitochondrial damage and dysfunction that were prevented by tempol
(Wei et al., 2009b). In contrast, tempol was relatively ineffective in preserving
mitochondrial function in the injured spinal cord where mitochondrial Ca** overload, rather
than excessive mitochondrial ROS, was the major factor contributing to dysfunction (Patel
etal., 2009).

Mitochondria have a low partial pressure of oxygen (PO,) and a high rate of production of
ROS. This accounts for their being a major site for reduction of tempol to the
hydroxylamine (lannone et al., 1990). Efforts have been made to further enhance the
mitochondrial accumulation of tempol to provide a targeted protection of mitochondria
against oxidative damage. Mitochondria maintain a substantial electrical potential of about
-180 mV across their inner membrane. This membrane also recognizes a peptide signal
sequence contained in the cyclopeptide antibiotic, gramicidin S that directs proteins to the
mitochondrial matrix. Both of these characteristics have been employed to partition drugs
into mitochondria (Murphy, 1997). An early studied failed to show that mitochondrial
targeted nitroxide compounds were more effective as mitochondrial antioxidants, perhaps
because of considerable cellular and mitochondrial accumulation of native tempol itself
(Dessolin et al., 2002). However, the highly cationic SOD mimetic Mn (111) meso-tetrakis
(N-ethylpyridium-2-yl) porphyrin was concentrated in mitochondria isolated from the heart
of mice after systemic injection (Spasojevic et al., 2007). Moreover, complexing of vitamin
E (Smith et al., 1999) or tempol (Murphy, 1997; Trnka et al., 2008) with
tetraphenylphosphonium yielded highly cationic compounds whose mitochondrial uptake
were enhanced several hundred fold. The tempol conjugate, termed mito-tempo, was a
mitochondrial anti-oxidant (Trnka et al., 2008) but was found to be no more effective than
tempol itself in inhibiting depolarization of the inner mitochondrial membrane during
apoptosis induced by oxidative stress (Dessolin et al., 2002) and was significantly less
effective than tempol in preventing O, ~ accumulation in mitochondrial membranes,
perhaps because the ionic form was excluded from lipid compartments (Kruglov et al.,
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2008). Nevertheless, complexing of spin traps such as tempol with ubiquinone enhanced
their mitochondrial uptake and improved cellular protection against H,O»-induced apoptosis
(Kelso et al., 2001), prevented oxidative activation of mitochondrial uncoupling proteins
(Murphy et al., 2003), prevented the development of tolerance to nitroglycerin (Esplugues et
al., 2006), and moderated ischemia-reperfusion damage in rat hearts (Esplugues et al.,
2006). Nitroxides conjugated with fragments of gramicidin S also were concentrated in
mitochondria where they retained their ability to reduce O, ~ and combat cellular apoptosis
(Wipf et al., 2005; Jiang et al., 2007).

Thus, oral tempol alone in several studies achieved fully effective concentrations in
mitochondria where it exerted antioxidant and protective actions. Strategies to increase
mitochondrial accumulation of nitroxides by linking them to moieties that enhance uptake
across the mitochondrial membrane have not enhanced their efficacy consistently.

NO is rapidly bioinactivated in the tissues by O, ~ (Gryglewski et al., 1986). NO inhibits
tissue O, usage in part by completing with O, in the mitochandria (Boveris et al., 2000).
Thus, blockade of nitric oxide synthase (NOS) (Laycock et al., 1998; Wolin et al., 1999) or
induction of oxidative stress (Palm et al., 2003; Welch et al., 2005a) both enhanced O, usage
by the rat heart or kidney. Conscious dogs with oxidative stress due to
hyperhomocysteinemia had an increased cardiac oxygen usage that was corrected by tempol
(Suematsu et al., 2007). Likewise, the Mn-SOD (+/-) mouse model of mitochondrial
oxidative stress had increased whole body O, usage and decreased work capacity
(Kinugawa et al., 2005b) that were improved by seven days of tempol administration
(Kinugawa et al., 2005b). The NOS-1 knockout mouse had an increased agonist-induced
myocardial O, consumption that was attributed to a defective mitochondrial NO generation
and was corrected by tempol (Kinugawa et al., 2005a). Hearts from elderly Fisher 344 rats
had a blunted reduction in O, usage with NO that was related to excessive ROS since
tempol or apocynin corrected the response (Adler et al., 2003). Infusion of tempol corrected
the increased cardiac (Kinugawa et al., 2003) or renal (Welch et al., 2005a) O, usage caused
by an Ang I1 infusion. A rat kidney made ischemic by clipping its artery had a reduced PO,
that was corrected by an infusion of tempol (Welch et al., 2003).

There is normally a close linear relationship between the renal oxygen usage (Qq>) and the
chemical work for the tubular transport of sodium (Tyg) (Welch et al., 2001; Welch &
Wilcox, 2001). The slope of the line relating Qg to Ty, defines the efficiency with which
the kidney uses O, for Na* transport. This slope was increased by agents that increased ROS
or Ang Il or decreased NO, and was decreased by tempol or angiotensin receptor blockers
(ARB) (Figure 3A). There were corresponding changes in renal cortical or medullary PO,.
Thus, Ang Il infusion reduced the PO5 in the renal cortex and medulla but this was
prevented in rats given tempol (Figure 3B). The administration of tempol to diabetic rats
moderated the renal hypoxia yet paradoxically increased the renal expression of hypoxia
inducible factors and heme oxygenases (Rosenberger et al., 2008). An improvement in the
oxygenation of the heart, kidneys and skeletal muscles may contribute to the apparently
beneficial effects of tempol in some models of heart and kidney failure, and in the protection
of organs from ischemia-reperfusion or hypoxia-reoxygenation injury. These are described
later.

3. Metabolic effects of tempol

3.1. Insulin resistance, metabolic syndrome and diabetes mellitus (DM)

DM type 1, whose hallmark is insulinopenia, often originates from destruction of the
pancreatic islet cells. Rats given streptozotocin (STZ) to damage the pancreatic islet cells are
a well characterized model of DM type 1. DM type 2, which often develops later in life, is a
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condition of insufficient insulin to meet the body's needs because of obesity, insulin
resistance and prolonged hyperglycemia. The metabolic syndrome is a clinical complex that
includes central obesity, hypertriglyceridemia, hyperuricemia, hypertension, reduced levels
of high density lipoprotein cholesterol with insulin resistance as a prime component (Hall et
al., 1993). The presence of the metabolic syndrome increased the cardiovascular risk at any
level of BP and was a precursor of DM type 2 (Grundy et al., 2005). Tempol has several
mechanisms of action that mitigate the effects of reduced insulin release or insulin resistance
in animal models of these conditions (Banday et al., 2005).

Tempol prevented the ROS generation and the dysfunction of pancreatic islet cells in a
model of free fatty acid-induced insulin resistance (Oprescu et al., 2007) and enhanced
insulin secretion from rat cultured pancreatic islet cells subject to oxidative stress by high
ambient glucose concentrations. Tempol also enhanced insulin releases in vivo in glucose-
infused rats (Tang et al., 2007). Thus tempol promoted insulin release from the pancreas.

Tempol can enhance insulin-stimulated glucose uptake. Thus tempol increased the
membrane abundance of the glucose transporter-1 and enhanced glucose uptake into
endothelial cells (ECs) and VSMCs (Alpert et al., 2004). An infusion of tempol prevented
the severe insulin resistance and the tyrosine phosphorylation and inactivation of the insulin
receptor in the skeletal muscles and adipocytes of rats fed a high salt diet and infused with
Ang Il to increase ROS (Ogihara et al., 2002). Thus tempol can both enhance the expression
of the glucose transporter and enhance the cellular actions of insulin.

Tempol corrected insulin resistance, and the associated renal damage, in several rat models
of the metabolic syndrome. Ten weeks of oral tempol given to obese Zucker rats fed a high
fat diet reduced the elevated plasma levels of glucose and corrected the increased plasma
levels of insulin (Rafikova et al., 2008; Ebenezer et al., 2009). This was associated with
normalization of BP, dyslipidemia, C-reactive protein and renal ROS (Ebenezer et al.,

2009). However, the oral administration of tempol (1 mmol - I'1 of drinking water) for 4
weeks to the SHR/cps model of the metabolic syndrome did not change insulin sensitivity
(Matsui et al., 2008). Oral tempol improved the hyperinsulinemia and/or the insulin
responsiveness of rats fed a high fructose diet (Onuma & Nakanishi, 2004) or rats transgenic
for the ren-2 gene with excessive Ang Il and ROS generation (Blendea et al., 2005; Wei et
al., 2008) or Dahl salt sensitive (DSS) rats (Zhou et al., 2009), or elderly, obese Fisher 244
rats (Asghar & Lokhandwala, 2006). Crossing of the SHR with a leptin receptor mutant/
obese rat and feeding a high salt diet created a rat model of the metabolic syndrome in which
adipocytes secreted an adipokine that released aldosterone from the adrenal glands (Nagase
et al., 2006). This model had glomerular podocyte damage, proteinuria and enhanced renal
expression of the aldosterone-dependent signaling factor serum glucocorticoid kinase-1
(Sgk-1) (Nagase & Fujita, 2008) Tempol reduced the nuclear expression of the
mineralocorticosteroid receptor (MR) in the kidneys and its downstream signalling pathways
and reduced renal damage, despite little change in BP (Nagase et al., 2007).

Hyperuricemia frequently accompanies the metabolic syndrome and may contribute to
oxidative damage (Feig et al., 2008). Induction of hyperuricemia in the rat led to
hypertension, renal oxidative stress and damage (Sanchez-Lozada et al., 2008). Tempol
prevented the hypertension and the activation of neutrophil oxidase (Nox)-4-dependent
NADPH oxidase, reduced the renal Ang Il levels and the afferent arteriopathy and
maintained the glomerular capillary pressure in this model (Sanchez-Lozada et al., 2008).
Thus, tempol has been quite effective in preventing or improving some of the metabolic and
signalling defects in rat models of the metabolic syndrome including the lipid profile and
insulin sensitivity which may contribute to its preservation of organ function in these
models.
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ROS are implicated in many of the complication of DM (Brownlee, 2005; Simmons, 2006)
including impaired microvascular function. Diabetic patients, or animal models, have
profound vascular endothelial dysfunction (Schnackenberg & Wilcox, 2001), vascular
proliferation and neoangiogenesis and accelerated atherosclerosis and thrombosis that
predispose to ischemia and infarction of organs (Veglio et al., 1993; Brownlee, 2005;
Simmons, 2006). The conducted vasomotor dilator or constrictor responses of cremasteric
microvascular arterioles in vivo were impaired in STZ induced diabetic mice but were
corrected by a combined administration of tempol and the protein kinase C beta I1 inhibitor,
LY-341,684 (Rai et al., 2008). Tempol improved vasodilation to hypoxia without changing
vasoconstriction to hyperoxia in cerebral vessels from obese Zucker rats (Phillips et al.,
2005) and restored nNOS-dependent vasodilation of cerebral arterioles from a rat model of
DM type 1 (Arrick et al., 2007). DSS rats had oxidative stress and insulin resistance
accompanied by impaired insulin-stimulated endothelium-dependent relaxation of the aorta
and a reduced activation of vascular NOS by insulin that were improved by an ARB or by
oral tempol (Zhou et al., 2009). Blood vessel from the leptin deficient (db) mouse model of
DM type 2 (Gao et al., 2007) or the obese Zucker rat (Phillips et al., 2005) had impaired
flow-induced vascular dilations that were corrected by tempol (Bouvet et al., 2007). The
addition of tempol to the bath of aortas from apolipoprotein E-deficient mice improved
EDRF/NO responses (Kitayama et al., 2007) and blunted nuclear factor kappa B (NF«B)-
dependent activation of TNF-a that activated NADPH oxidase to generate ROS (Kitayama
et al., 2007). Rats treated with streptozocin to cause DM had systemic and vascular
oxidative stress and profound defects in EDRF/NO that were corrected by tempol (Nassar et
al., 2002). Perfused afferent arterioles isolated from the kidneys of rabbits with DM type 1
had impaired EDRF/NO responses and developed an acetylcholine-induced EDCF response
both of which were improved by addition of tempol to the bath (Schnackenberg & Wilcox,
2001). Thus tempol restored vasodilation and endothelial function in several models of
diabetes (Phillips et al., 2005).

The mechanism of endothelial dysfunction in models of DM has been studied quite
extensively. ECs exposed to high glucose concentrations had a reduced S-nitrosylation of
endothelial () NOS (Wadham et al., 2007) and an uncoupled eNOS which generated ROS
both of which were prevented by tempol administration (Brodsky et al., 2004; Chander et
al., 2004). The uncoupling of eNOS was ascribed to oxidation of tetrahydrobiopterin to
dihydrobiopterin which is an ineffective co-factor for NOS-dependent NO generation. ECs
exposed to high glucose also had a reduced expression of guanosine triphosphate
cylohydrolase-1 that is required for biopterin synthesis (Brodsky et al., 2004; Chander et al.,
2004) that was corrected by tempol (Xu et al., 2007). Thus tempol improved NO production
in ECs from models of DM by correcting the uncoupling of eNOS and restoring its synthesis
of NO rather than ROS.

Tempol prevented or moderated some of the impared vascular regeneration, remodeling and
angiogenesis in models of DM type 2. Oral tempol (1 mmol - I'1) given for four weeks to the
fructose-fed rat model of type 2 DM prevented the accelerated neointimal proliferation and
VSMC apoptosis in injured carotid arteries (Jagadeesha et al., 2005). The obese Zucker rat
model of type 2 DM had reduced skeletal muscle vasodilation and vascular rarefaction that
were improved by four weeks of oral tempol (Frisbee, 2005). Eight weeks of oral tempol
administration to the db/db mouse model of type 2 DM reduced ROS and plasma glucose
and reduced the vascular matrix expression and remodeling (San Martin et al., 2007).

Some 40% of patients with type 1 or 2 DM develop nephropathy after a latent period of
about 15 years. Tempol blocked the effect of glucose on rat glomerular mesangial cells to
generate vascular endothelial growth factor that has been implicated in diabetic nephropathy
(Xia et al., 2007). Whereas rat models of DM developed proteinuria, mesangial expansion

Pharmacol Ther. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wilcox

Page 9

and eventually glomerulosclerosis, the black 6 stain of mice have been more resistant, and
no rodent strains develop the unique renal manifestations of nodular glomerulosclerosis.
Therefore, the relevance of these models of diabetic nephropathy has been questioned
(Hsueh et al., 2007). Nevertheless, NOS blockade in rats with insulinopenic DM caused
hypertension and a fall in glomerular filtration rate (GFR) that were prevented by tempol.
The authors suggested that tempol substituted for impaired NO generation to stabilize the
BP and the GFR of diabetic rats (Brands et al., 2004). Cu/Zn SOD knockout mice developed
more severe nephropathy and reduction in GFR during STZ-induced DM that were reduced
by oral tempol (450 pmol - kg1 - d1 for 5 weeks) (DeRubertis et al., 2007). Tempol
corrected several metabolic changes in rats with streptozotocin-induced DM including renal
cortical Oy ~ and nitrotyrosine accumulation (Chen et al., 2006), increased renal p47°Phox
expression in cell membranes, decreased SOD and catalase activities and mesangial matrix
accumulation and transforming growth factor beta (TGFp), fibronectin and periodic acid
Schiff staining in the glomerulus (Asaba et al., 2007). Despite this, tempol did not prevent
the modest increase in proteinuria in these diabetic rats which the authors attributed to a
failure of tempol to reduce myeloperoxidase activity leading to hypochloride accumulation
in the diabetic kidneys (Asaba et al., 2007). This was surprising since these authors had
reported that apocynin, which also blocks superoxide generation, was effective in preventing
proteinuria in this model (Asaba et al., 2005). The obese, hypertensive Zucker rat is a model
of the metabolic syndrome and type 11 DM with enhanced expression of ROS in the kidneys
and blood vessels. Nine weeks of tempol administration to these rats improved insulin
sensitivity and reduced renal inflammation, proliferation and fibrosis but failed to reduce the
proteinuria (Rafikova et al., 2008). Since tempol increased the renal activity of SOD but not
catalase, and failed to prevent renal protein oxidation in this model, the authors speculated
that ongoing H,0, generation may have limited the protective effect of tempol (Rafikova et
al., 2008). Prostaglandins generated in renal vessels and glomeruli in response to protein
kinase C (PKC)-dependent signalling have been implicated in both the early hyperfiltration
and the late renal functional impairment in rat model of DM type 1 diabetes (Craven et al.,
1992; DeRubertis & Craven, 1993; DeRubertis & Craven, 1994). The increased PG release
and cyclooxygenase (COX)-2 expression in the kidneys of rats with STZ-induced DM were
prevented by one month of tempol (Li et al., 2005) but tempol did not interrupt the renal
COX-1 pathway (Li et al., 2005). Thus tempol has been effective in reversing the increased
ROS generation, reduced GFR, inflammation and fibrosis in the renal cortex in models of
DM and in correcting COX-2 signalling but has not been effective in preventing the
proteinuria that is a hallmark of diabetic nephropathy.

Diabetes is often accompanied by renal salt retention, salt-sensitivity of BP, neuropathy and
cardiomyopathy. Some evidence suggests that tempol might be effective in countering these
complications. Activation of dopamine type 1 receptors in the renal proximal tubule during
volume expansion contributes to decreased sodium reabsorption and protects against the salt
sensitivity that is common in patients with diabetes or the metabolic syndrome. Rat models
of type | (Marwaha & Lokhandwala, 2006) and type 2 DM (Banday et al., 2005; Banday et
al., 2007) had defective dopamine type 1 receptor-like -G protein coupling in the kidneys
that were restored by oral tempol. Rats fed a high fat diet developed renal oxidative stress
and increased renal expression and activity of the bumetanide-sensitive Na-K-2Cl
cotransporter which were corrected by oral tempol (1 mmol - I'1) (Riazi et al., 2009).
Diabetic neuropathy occurs in conjunction with microvascular disease. Epineural arterioles
from diabetic rats had impaired acetylcholine-induced relaxations that were improved by
tempol, a-lipoic acid or arginine (Coppey et al., 2003). Rats with STZ-induced DM had
excessive oxidative stress and apoptotic cells in the heart that were prevented by one week
of oral tempol or an ARB, but not by a beta-1 adrenoceptor blocker (Fiordaliso et al., 2007).
Tempol restored NO bioactivity in the heart of obese, insulin-resistant mice (Bender et al.,
2007).
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Collectively, these data suggest that tempol can prevent endothelial dysfunction and mitigate
some of the vascular, renal, cardiac, neural and mitochondrial defects in models of DM.

3.2. Leptin, paraoxonase-1 (PON-1), adiponectin and food intake

Leptin reduces food intake. However, when infused into rats, leptin increased lipid
peroxidation products and decreased the excretion of NO metabolites (Beltowski et al.,
2005a; Beltowski et al., 2005b) and increased the BP. These effects were prevented by
tempol (Wojcicka et al., 2008) or apocynin (Beltowski et al., 2005¢). Tempol also prevented
the effects of leptin infusion to increase the ouabain sensitive (Beltowski et al., 2005a) and
insensitive (Beltowski et al., 2007) Na*/K* ATPase activities in the kidneys. However
tempol did not prevent a reduced food intake with leptin (Beltowski et al., 2005b). Thus,
tempol prevented the increased ROS, reduced NO and the increased renal energy use with
leptin while preserving its effects on food intake. Moreover, prolonged administration of
tempol to normal mice reduced their plasma levels of leptin and increased the tissue levels
of mitochondrial uncoupling protein-2 which reduces mitochondrial ROS generation
(Mitchell et al., 2003). Thus, tempol reduced leptin release and altered the response to leptin
in the rat.

PON-1 is a circulating protein that has been associated with reduced rates of coronary events
and atherosclerosis (Mackness et al., 2003). Tempol blocked the effect of leptin infusion to
reduce PON-1 activity in the kidneys and aorta (Beltowski et al., 2005b). Thus, increased
leptin generation in the metabolic syndrome may contribute to oxidative stress and a
reduction in PON-1, high-density lipoproteins and NO generation that can be corrected by
tempol.

Adiponectin is an adipokine that counters inflammation, atherosclerosis and insulin
resistance (Ouchi et al., 2000; Ouchi et al., 2001). Circulating levels of adiponectin were
reduced in patients or animal models of obesity, diabetes or acute coronary syndromes
(Kumada et al., 2003). However, subsequent studies reported that plasma levels of
adiponectin were increased in patients with stable congestive heart failure (CHF) (George et
al., 2006) in proportion to the severity of the CHF (Nakamura et al., 2006). In patients with
CHF, serum adiponectin was positively correlated with high density lipoprotein cholesterol
and negatively with plasma triglycerides (von Eynatten et al., 2006). The authors concluded
that adiponectin may mediate part of its proposed anti-atherosclerotic properties by
influencing high density lipoprotein cholesterol concentrations and might be a therapeutic
target for atherogenic dyslipidemia. Oral tempol (2 mmol - I'1) or tetrahydrobiopterin given
to rats prevented the effects of Ang Il infusion to reduce the plasma levels and adipose tissue
expression of adiponectin (Hattori et al., 2005). However, until a clearer picture emerges
about the benefits or adverse effects of adiponectin, it is hard to predict whether a
suppression of adiponectin by tempol would be of benefit or harm.

The oral administration of tempol (1 mmol - I"1 of drinking water for ten weeks) to obese/
Zucker rats fed a high fat diet reduced the abdominal fat and the weight gain, without
changing the food intake (Ebenezer et al., 2009). This suggests that tempol may modify fat
metabolism to limit the abdominal obesity that occurs with excessive caloric intake and
which contributes to insulin resistance. Mice fed tempol from birth had a reduced weight
gain, but appeared fully healthy (Mitchell et al., 2003; Schubert et al., 2004).

These intriguing results suggest that tempol may protect against obesity and the
development of the metabolic syndrome.
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3.3. Dyslipidemia

The db/db mouse which harbors a mutation in the gene expressing p47Ph°% (Huang et al.,
2000) and in the leptin receptor is a model of the metabolic syndrome. When fed a regular
diet over 12 weeks, they develop obesity, hyperglycemia despite hyperinsulinemia, and a
50% increase in total cholesterol and a four-fold increase in triglycerides (San Martin et al.,
2007). Their aortas have increased NADPH oxidase activity and increased expression of
bone morphogenic protein-4 and osteopontin which are cytokines that have been implicated
in matrix remodeling. Eight weeks of oral tempol (2 mmol - I'1) corrected the increased
aortic superoxide levels and the hypercholesterolemia, and reduced the elevated plasma
triglycerides and aortic expression of the cytokines (San Martin et al., 2007). The obese
Zucker rat fed a high fat diet developed pronounced dyslipidemia with a four-fold increase
in plasma triglycerides, a doubling of plasma very low-density lipoprotein cholesterol and
total cholesterol and a 40% reduction in the protective high-density lipoprotein cholesterol.
All of these changes were prevented by ten weeks of oral tempol (1 mmol - I'1) (Ebenezer et
al., 2009). Tempol also prevented the excessive weight gain during high fat feeding, reduced
the blood glucose and normalized the blood insulin and creatinine levels (Figure 4). Thus,
tempol prevented many of the adverse effects of a high fat intake in rodents with a
genetically susceptible state that adversely effected lipid and carbohydrate metabolism and
renal function. The striking increase in high-density lipoprotein cholesterol produced by
tempol in this model is quite unusual and would predict strong protection against
cardiovascular disease. However, oral tempol (1 mmol - I'1), given to the SHR with leptin
deficiency and fed a high salt diet which is another rodent model of the metabolic syndrome,
did not reduce serum triglycerides, but did reduce serum fatty acids (Matsui et al., 2008).
Hypercholesterolemia induced by cholesterol feeding of rabbits (Pfister, 2006) or genetic
deletion of apolipoprotein E in mice (Goodwill et al., 2008) caused endothelial dysfunction
and enhanced vascular contractility attributed to signaling via the thromboxane prostanoid
receptor. Incubation of aortas from mice with genetic deletion of apolipoprotein E with
tempol improved endothelial function and corrected the excessive vascular generation of
thromboxane A, (Goodwill et al., 2008).

4. Antifibrotic effects

Parenchymal fibrosis in the heart or kidneys is considered an irreversible and adverse
outcome that contributes to cardiomyopathy and chronic kidney disease (CKD). Several
cytokines, notably TGFp and TNFa, are activated by ROS and could mediate fibrotic
responses or epidermal to mesenchymal cellular transformation.

Rats infused with Ang Il had activated NADPH oxidase, increased expression of TGFB, type
1 collagen, tissue inhibitor of matrix metalloprotease (TIMP)-1 and -2, and myofibroblasts
and increased collagen volume in the kidneys or heart all of which were abrogated by oral
tempol or apocynin (both at 120 mg - kg1 - day™1) (Zhao et al., 2008a). However, tempol
was not effective in preventing the cardiac fibrosis and collagen accumulation in a mouse
model of pressure overload following aortic constriction (Moens et al., 2008). Thus, tempol
may prevent fibrosis in conditions such as prolonged Ang Il infusion that induces ROS
generation.

The effects of tempol on ROS generation in fibroblasts have been well studied. Generation
of Oy ~ by xanthine + xanthine oxidase in the culture medium of lung fibroblasts increased
intracellular O, ~, TGFp and collagen. These effects were related to O, ~ rather than to
H,0, and were prevented by tempol (Qi et al., 2009). Stimulation of cardiac fibroblasts with
Ang |1, or blockade of SOD with diethyldithiocarbonate, increased intracellular ROS and
stimulated collagen 1 and fibronectin synthesis. These were prevented by coincubation with
tempol, PEG-SOD or EUK-8 which is another SOD mimetic drug (Lijnen et al., 2008).
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Similarly, oral tempol reduced the expression of TNFa and NF«B in the soleus muscle of
ren-2 rats that are transgenic for the renin gene (Wei et al., 2008). Treatment of cultured
fibroblasts with TNFa increased intracellular Ca** concentration and ROS which were
prevented by tempol (Mariappan et al., 2007). Moreover, feeding obese Zucker rats a high
fat diet doubled renal cortical expression of TNFa. These effects were prevented by
additional tempol (1 mmol - I') to the drinking water for 10 weeks (Ebenezer et al., 2009).
Thus tempol may interrupt a feed-forward cycle whereby ROS activate cytokineses such as
TNFa that further enhances ROS generation in fibroblasts that promote matrix accumulation
and thereby lead to further fibrosis.

5. Major organ effects of tempol

5.1. Kidneys

Ischemia and reperfusion, or anoxia and reoxygenation, are potent stimuli to ROS
generation from xanthine oxidase and contribute to organ injury (Berry & Hare, 2004; Hare,
2004). Ischemia-reperfusion of the kidneys depleted renal Cu/Zn SOD and glutathione-S-
transferase, thereby reducing intracellular antioxidant defenses (Davies et al., 1995).
Pretreatment with tempol (55 to 550 pmol - kg iv) diminished the renal injury and the renal
dysfunction of rats following 45 minutes of renal ischemia and reperfusion (Chatterjee et al.,
2000; Fujii et al., 2005) and reduced the excessive spillover of norepinephrine and
endothelin-1 into the renal vein (Fujii et al., 2005). Tempone also protected the rat kidney
against ischemia-reperfusion damage and reduced renal markers of oxidative and nitrosative
stress but did not reduce the BP in this model (Patel et al., 2002). Rats with the two kidney,
one clip (2K,1C) model of Goldblatt hypertension have an ischemic, clipped kidney with a
downregulated expression of renal Cu/Zn SOD (Son et al., 2008). Tempol reduced the renal
histologic damage, TNFa expression (Son et al., 2008) and hypoxia, and improved the renal
blood flow (Palm et al., 2008). Thus, tempol may correct problems arising from a reduction
in renal SOD expression that accompanies acute or prolonged renal ischemia.

Renal dysfunction and proteinuria can be initiated by damage to glomerular podocytes
(Pavenstadt et al., 2003). Ten weeks of oral tempol (1 mmol - I'1) given to fat-fed obese
Zucker rats (Ebenezer et al., 2009) prevented glomerular podocyte damage and foot process
effacement, desmin expression, glomerular hypertrophy, increased blood urea nitrogen and
serum creatinine concentrations and moderated the increased albumin excretion. These
effects were confirmed in one other study in a similar model (Nagase & Fujita, 2008) but in
another tempol moderated the renal inflammatory, fibrotic and sclerotic changes and the
insulin resistance without affecting the proteinuria (Rafikova et al., 2008). During states of
NO deficiency, tempol may correct a local imbalance within the podocyte environment
between NO and ROS since it prevented the increase in albumin permeably of isolated
glomeruli incubated with the endogenous NOS inhibitor, asymmetric dimethylarginine
(Sharma et al., 2009). Additionally, tempol protected kidneys from damage in a wide range
of hypertensive models associated with increased ROS (Wilcox & Pearlman, 2008).

Loss of more than half of the functional renal mass in adults evoked compensatory changes
of hypertrophy and glomerular hyperfiltration which initially mitigated the loss of renal
function but, over time, led to glomerular hypertension, proteinuria, glomerular sclerosis and
a progressive decline in renal function (Hostetter et al., 1981; Kotchen et al., 2000). TGF-
has been implicated in the renal fibrosis developing in this and other models of CKD (Kelly
et al., 1999; Dahly et al., 2002). A rat model of reduced renal mass (RRM) produced by
unilateral nephrectomy and infarction of two thirds of the remaining kidney developed a rise
in BP by day 3 that was prevented by tempol (1.5 mmol - kg1 - d1 sc). Tempol, unlike
vitamin E, reduced renal insufficiency and proteinuria (Tain et al., 2007) and preserved
EDRF/NO responses (Hasdan et al., 2002). This is relevant since cardiovascular disease,
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associated with endothelial dysfunction, is the primary cause of death in patients with CKD
(Modlinger et al., 2004). Eighteen weeks after 5/6 nephrectomy, homozygous acatalasemic
mutant mice developed accelerated tubulointerstitial fibrosis and lipid peroxidation that
were not prevented by oral administration of tempol, implying that tempol did not prevent
excessive H,O, generation in this model (Kobayashi et al., 2005). Mice subjected to surgical
5/6 nephrectomy developed oxidative stress, hypertension, azotemia, glomerular sclerosis
and tubulointerstitial damage all of which were prevented by oral tempol (3 mmol - I')
(Hobo et al., 2009). This effect was ascribed to a reduced expression of midkine which is a
circulating cytokine produced in damaged kidneys that activated the angiotensin converting
enzyme and thereby increased angiotensin-induced generation of ROS (Hobo et al., 2009).
Rats with 5/6 nephrectomy assessed non-invasively with telemetric recording had only a
modest increase in BP unless they were fed a high salt intake which led to substantial
hypertension and worsening proteinuria, azotemia, systemic oxidative stress, renal
glomerulosclerosis and tubulointerstitial damage. These deleterious effects of salt were all
reduced by 12 weeks of oral tempol (1 mmol - I'1) (Li et al., 2008). In contrast, a similar
schedule of tempol administration to rats with RRM but without a high salt diet was
ineffective (Quiroz et al., 2009). Thus, tempol has been quite effective in delaying the onset
of CKD and vascular endothelial dysfunction and in preventing salt-sensitivity and salt-
induced renal damage in rodent models of CKD.

Tempol protected the kidneys and/or maintained the renal hemodynamics (Wang et al.,
2008b) of rats with shock due to endotoxin, hemorrhage or gram positive bacteremia (Leach
et al., 1998; Mota-Filipe et al., 1999; Zacharowski et al., 2000; Kentner et al., 2002;
Thiemermann, 2003).

Rat mesangial cells incubated with homocysteine developed oxidative stress, cellular
proliferation and expression of TIMP-1. All of these effects were blocked by tempol (Yang
& Zou, 2003). Increased mechanical strain imposed on isolated mesangial cells stimulated
the phosphorylation of extracellular signal-regulated kinases (ERK) and the p47Phox
component of NADPH oxidase. Remarkably, these effects were blocked in the absence of
added Ang Il by olmesartan which is an inverse agonist ARB, and also by tempol (Yatabe et
al., 2009). The authors concluded that mesangial strain stimulated angiotensin type 1
receptors (AT1-Rs) to activate ERK and NADPH oxidase. Thus, tempol prevented
glomerular mesangial cells from developing oxidative stress in response to a variety of
biochemical and mechanical stressors.

Tempol protected renal tubular epithelial cells against the cytotoxic effects of the redox-
cycling quinolone paraquat (Samai et al., 2007) or H,O, (Chatterjee et al., 2000; Asghar &
Lokhandwala, 2004). However, tempol given to rats before and twice daily after
vancomycin, did not prevent tubular necrosis whereas chelation of iron with 2,3-
dihydroxybenzoic acid was very effective (Naghibi et al., 2007). Nevertheless, daily
intraperitoneal doses of tempol reduced rat renal tubular damage following gentamicin-
induced acute tubular necrosis (Karatas et al., 2004). Thus, tempol protected against some,
but not all, nephrotoxins.

Tempol has been tested in a number of MR-dependent models. Beswick et al reported that
the administration of tempol for 4 weeks to rats with deoxycorticosterone acetate-salt
hypertension decreased renal inflammatory cell infiltration and NFK-B expression (Beswick
etal., 2001). Nishiyama et al reported that a six week administration of oral tempol (3 mmol
- I"1) to rats with hypertension from aldosterone infusion and a high salt diet reduced the
proteinuria, glomerular cell proliferation and mesangial matrix accumulation (Nishiyama et
al., 2004a) and reduced the glomerulosclerosis (Nishiyama & Abe, 2004). These protective
effects were equivalent to those produced by blockade of the MR with eplerenone and were
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associated with decreased renal cortical NADPH oxidase expression, ROS generation, and
mitogen-activated protein kinase activity. Oral tempol (6 mmol - I'1) given to rats infused
with aldosterone and a high salt diet, protected the glomerular podocytes from damage and
upregulation of Sgk-1. Tempol also prevented aldosterone-induced Sgk-1 expression in
cultured podocytes ex vivo (Shibata et al., 2007). Thus the protective effects of tempol on
the kidneys and glomeruli of salt-dependent models of renal damage may entail interruption
of the signal cascade that follows MR activation.

Tempol was effective in preventing renal damage in many salt-dependent models of
hypertension. Manning et al reported that tempol infused iv over 3 weeks into DSS rats fed a
high salt diet decreased protein excretion and glomerulosclerosis and maintained the ratio of
kidney: body weight despite no changes in renal hemodynamics (Meng et al., 2003). Hisaki
et al confirmed that tempol given orally over 5 weeks to this model prevented the adverse
changes in the kidney of arteriosclerosis, matrix accumulation and expansion of the
interstitium (Hisaki et al., 2005). Oral tempol (3 mmol - I'1) given to DSS rats fed salt
reduced the proteinuria, glomerular sclerotic and proliferative changes, collagen deposition
(Nishiyama et al., 2004b), the fall in GFR and the kidney damage whereas an equally
antihypertensive treatment with hydralazine was less protective (Hoagland et al., 2003). An
important new finding was that pharmacologic blockade of 20-hydroxyeicosatetraenoic acid
blunted the antihypertensive and nephroprotective effects of tempol (Hoagland et al., 2003).
The authors concluded that an increase in 20-hydroxyeicosatetraenoic acid may underlie
these protective effects of tempol. These results suggest that tempol can exert renoprotective
effects in salt-sensitive hypertension relatively independent of changes in BP.

Although the oral administration of tempol to rats with STZ-induced insulinopenic DM
reduced parameters of ROS and BP, it failed to modify the modest structural changes in the
kidneys or the albuminuria (Asaba et al., 2007) whereas apocynin was effective (Onozato et
al., 2008). On the other hand, tempol increased the renal expression of EC-SOD, decreased
NADPH oxidase activity, limited renal structural damage and prevented renal collagen IV
expression and proteinuria in an apparently similar rat model of DM, but using younger rats
(Peixoto et al., 2009). Thus, the efficacy of tempol for renal protection in models of DM
type 1 is incomplete.

The oral administration of tempol reduced oxidative stress and albuminuria in rats with
acute glomerular immune injury due to the administration of an anti-glomerular basement
membrane antibody (Duann et al., 2006). This was considered a direct effect of tempol on
the glomerulus since it moderated the enhanced albumin permeability of isolated glomeruli
with oxidative stress.

Tempol was equally effective as an ARB in reducing the BP and lipid peroxidation products
of rats with 2K,1C hypertension, but, unlike the ARB, it maintained the GFR in the clipped
kidney. Tempol was effective in preventing vascular remodeling in the aorta in this model
(Figure 5).

Thus, tempol has been generally renoprotective in models of ischemia-reperfusion injury
and shock and in several chronic models of the metabolic syndrome or
mineralocorticosteroid or salt-induced renal damage but has not been consistently effective
in models of type 1 DM.

Tempol has been effective in preventing cardiac ROS generation and several of the adverse
consequences. ROS have complicated effects on cardiac cells. Generally, ROS promote
hypertrophic and contractile responses by increasing intracellular Ca** and signaling via
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inositol-3-phosphate and promote interstitial fibrosis (Suzuki & Ford, 1999). Indeed, tempol
blocked ROS and hypertrophic responses to atrial natriuretic peptide in rat neonatal cardiac
myocytes (Laskowski et al., 2006). Uninephrectomized apolipoprotein e (-/-) mice had
enhanced ROS and developed an aortic atherosclerotic plaque burden with a reduced
capillary length density and higher interstitial volume in the heart associated with increased
aortic expression of nitrotyrosine, TGFp, vascular endothelial growth factor and collagen.
These effects were reduced or prevented in mice given tempol or an angiotensin converting
enzyme inhibitor for 12 weeks (Piecha et al., 2008). Lipopolysaccharide or TNFa released
during septicemia enhanced ROS in cardiomyocytes, reduced cardiac contractility, impared
the efficiency with which the cells used oxygen, reduced cardiomyocyte ATP levels and
caused cardiac mitochondrial dysfunction by opening the mitochondrial membrane pore
(Mariappan et al., 2007; Mariappan et al., 2009). These effects were prevented by oral
tempol (300 umol - kg'1) but not apocynin (Mariappan et al., 2007; Mariappan et al., 2009),
suggesting that tempol interrupted primarily mitochondrial ROS generation in this model.

Tempol blocked the cardiac fibrosis, myofibroblast proliferation and cardiac collagen
accumulation produced by an infusion of Ang Il (Zhao et al., 2008b). The administration of
tempol and vitamin C to rats after NOS blockade moderated the cardiac hypertrophy and the
adrenomedullin signalling without reducing the hypertension (Bell et al., 2007). These
studies established the efficacy of tempol in preventing cardiac ROS, fibrosis, and apoptosis
in several rodent models associated with lipopolysaccharide, cytokines, reduced NO or
prolonged Ang 1.

In other models, ROS promoted apoptosis and decreased cardiac contractility. Thus, tempol
reduced ROS production and apoptosis in cardiac cells exposed to high glucose
concentrations (Fiordaliso et al., 2007), blocked apoptotic responses of cardiomyocytes to
aldosterone signaling via a non-genomic pathway (Hayashi et al., 2008) and inhibited the
Ca** transient within cardiac myosites stimulated by pressure-flow stress (Belmonte &
Morad, 2008).

These different effects of tempol may relate to preservation of NO which has complicated
effects on cardiomyocytes because of spatial confinement and differential effects of NO
generation by specific NOS isoforms (Barouch et al., 2002). For example, Gonzales et al
(Gonzalez et al., 2008) studied the acute effect of tempol on the ionotropic state of the rat
isolated heart. The addition of 100 uM tempol did not affect contractility but tempol did
prevent the increased contractility caused by a modest concentration of a NO donor
(Paolocci et al., 2000; Espey et al., 2002; Schrammel et al., 2003; Koshiishi et al., 2007) yet
did not prevent the increased contractility with higher concentrations of NO (Gonzalez et al.,
2008).

Tempol has been effective in protecting the heart against injury and dysfunction following
ischemia and reperfusion or myocardial infarction. Tempol prevented post-ischemic
activation of NADPH oxidase and xanthine oxidase in the guinea pig (Duda et al., 2007) or
rat heart or coronary vessels (Zhang et al., 2006). Tempol given to rats or rabbits after
coronary ligation and reperfusion reduced the infarct size of the myocardium by up to 60%
when given during the reperfusion period (McDonald et al., 1999; Zacharowski et al., 2007),
protected the heart against oxidative damage due to ischemia-reperfusion injury (Zeltcer et
al., 1997; McDonald et al., 1999; Zeltcer et al., 2002; Li et al., 2002; Hoffman et al., 2003;
Kutala et al., 2006; McCormick et al., 2006), and prevented reperfusion arrhythmias in one
study (Guo et al., 2005) but did not change, or increased, the frequency of ventricular
arrhythmias in another (Neckar et al., 2008). Long term administration of oral tempol (2
mmol - I'1) for six weeks after coronary artery ligation prevented the signs of cardiac
dysfunction and failure manifest as an increase in left ventricular end diastolic pressure and
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volume, reduced ejection fracton and enhanced renal sympathetic nerve activity and plasma
norepinephrine (Shi et al., 2009).

A note of caution derives from the report of Kimura et al in the rat (Kimura et al., 2005b)
that a 30 minute pressor infusion of Ang Il prior to acute coronary occlusion diminished the
infarct size. This pharmacologic preconditioning depended on the generation of ROS and
was prevented by tempol.

Diastolic heart failure which accounts for almost one half of the cases of chronic congestive
cardiac failure is a complication of hypertensive or ischemic cardiac disease and remodeling
that leads to impaired diastolic relaxation. Presently, the therapy for diastolic heart failure is
unsatisfactory. Tempol has been effective in preventing or reversing cardiac hypertrophy
and diastolic dysfunction in several rat models of salt sensitive hypertension. Tempol (3
mmol - I'1) added to the drinking water of DSS rats fed a high salt diet for 10 weeks reduced
the BP moderately, but normalized the left ventricular hypertrophy and cardiac relaxation
and reduced the cardiac expression of brain natriuretic peptide, TGFp, connective tissue
growth factor, collagen types | and 111, the p22P"°% and neutrophil oxidase (Nox)-2
components of NADPH oxidase and mitochondrial uncoupling protein 2 (Guo et al., 2006).
Thus, inhibition of cardiac ROS by tempol prevented the cardiac fibrosis, remodeling and
defective relaxation that underlie diastolic heart failure. Indeed, four weeks of oral tempol (1
mmol - I'1) or eplerenone to SHR given a high salt diet, which is a model of the metabolic
syndrome, moderated the diastolic dysfunction when assessed directly by echocardiography
and cardiac catheterization, and prevented the cardiac perivascular fibrosis and upregulation
of the mineralocorticosteroid signaling pathways (Matsui et al., 2008) (Figure 6). Likewise,
oral tempol or eplerenone given for six weeks to rats infused with Ang Il and fed a high salt
diet prevented the diastolic dysfunction and cardiac oxidative stress in this model also
(Wang et al., 2008a). Oral tempol given to DSS rats fed a high salt diet prevented the
development of left ventricular dilation and cardiac failure (Hasegawa et al., 2006) and,
when given to rats infused with aldosterone and fed a high salt diet, reduced the collagen
accumulation in the kidney and the fibrosis in the heart and aorta substantially (Iglarz et al.,
2004). Thus tempol can prevent the development of left ventricular hypertrophy, cardiac
inflammation and fibrosis and diastolic dysfunction and cardiac failure in salt sensitive
rodent models by actions that may entail interruption of mineralocorticosteroid receptor
signaling pathways.

High sugar diets increase mortality and left ventricular dysfunction in models of pressure
overload. Tempol given to fructose-fed mice with pressure overload prevented the cardiac
ROS accumulation, hypertrophy and impaired left ventricular ejection fraction whereas
these effects were not seen in mice fed a low sugar chow (Chess et al., 2008). Another study
of fructose-fed mice with pressure overload reported that ROS were generated in the heart
from uncoupled NOS (Moens et al., 2008). Tetrahydrobiopterin recoupled NOS and
diminished the late development of cardiac fibrosis and hypertrophy whereas oral tempol
did not recouple NOS was not effective in preventing the adverse cardiac changes. Thus, in
this model, the main problem appears to be ROS generated from an uncoupled NOS and
preventing this was more effective than a general antioxidant strategy with tempol.

The administration of tempol to several rat models of hypertension not associated with salt
loading has not shown benefit in preventing cardiac hypertrophy or dysfunction. The
administration of tempol (3 mmol - I'1) for 2 weeks to rats infused with aldosterone but
maintained on a normal salt diet prevented hypertension but failed to prevent the myocardial
changes, in contrast to treatment with another antioxidant NAC (Yoshida et al., 2005).
Tempol infused into rats with the beta-adrenergic agonist, isoproterenol prevented the
increased cardiac collagen accumulation but not the cardiac hypertrophy (Zhang et al.,
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2005a). Likewise, oral tempol given to rats infused with thyroxine for 6 weeks did not
prevent the cardiac hypertrophy, despite a substantial reduction in the MAP and indices of
oxidative stress (Moreno et al., 2005). It is not clear presently why the beneficial cardiac
effects of tempol in models of hypertension appear specific to those associated with high salt
intake but this may relate to interruption of MR signaling pathways that are activated in
these salt-sensitive models (Nagase & Fujita, 2008).

As reviewed under “3.1. Metabolic effects of tempol — Insulin resistance, metabolic
syndrome and diabetes mellitus”, tempol protected the heart from some of the adverse
effects of diabetes type 1 or 2. For example, an infusion of tempol (550 pmol - kg1) into
hyperglycemic dogs normalized their coronary endothelial dysfunction and coronary wall
oscillatory shear stress (Gross et al., 2003). Tempol given to SHR made diabetic with STZ
reduced the cardiac indices of ROS and the cardiac apoptosis (Fiordaliso et al., 2007).

Repeated exposure of rat isolated aortic segments to nitrates led to tolerance as shown by
diminishing relaxation that was corrected by tempol. This was ascribed to a reduction in
excessive H,O, accumulation, since the beneficial effects of tempol were prevented by
catalase (Ghatta et al., 2007). Pretreatment of rat aortic rings with tempol, vitamin C, uric
acid, or the PKC inhibitor, chelerythrine all prevented the development of tolerance to the
vasodilating actions of nitroglycerin (bou-Mohamed et al., 2004). Thus, the prevention of
nitrate tolerance by tempol likely involves a prevention of H,O,-induced activation of PKC
signalling.

Many investigators have studied the effects of tempol on central sympathetic stimulation,
since excitation of the SNS during heart failure predisposes to bad outcomes. A rabbit model
of chronic heart failure from paced ventricular tachycardia had enhanced renal sympathetic
nerve activity which was reduced by intracerebroventricular (icv) administration of an ARB,
an NADPH oxidase inhibitor, apocynin or tempol (Gao et al., 2004). The addition of tempol
or apocynin to Ang Il-stimulated cultured neuronal cells reversed the increased expression
of the AT1-R, and NADPH oxidase activity (Liu et al., 2008). The rostral ventrolateral
medulla (RVLM) and paraventricular nucleus (PVN) are brain stem centres that regulate the
sympathetic neural discharge. The 2K,1C Goldblatt model of Ang Il excess had increased
expression of the AT1-R and NADPH oxidase subunits in these nuclei (Oliveira-Sales et al.,
2009). Injection of tempol (1 to 5 mmol - I'1) into the RVLM of these rats reduced their BP
and renal sympathetic nerve discharge (Oliveira-Sales et al., 2009). Moreover, prolonged
Ang Il infusion into rats increased the expression of NFkB and AT1-R in the PVN, and
increased the BP, plasma cytokines, renal sympathetic nerve activity and plasma
norepinephrine (Kang et al., 2009). The infusion of tempol (80 pg - h') into the PVN
reduced these parameters which was blocked by the NF«B antagonist pyrrolidine
dithiocarbamate. The authors concluded that tempol prevented Ang ll-induced superoxide
formation in these brain stem centers that activated NF«B-induced sympathoexcitation
(Kang et al., 2009). Indeed, intravenous tempol (120 pmol - kg™1) given to normal or
hypertensive rats reduced their BP, heart rate and renal sympathetic nerve activity
concomitant with a significant reduction in the spontaneous discharge of neurons in the PVN
and RVLM (Wei et al., 2009a). These effects of tempol were independ of NO since they
occurred after nitric oxide synthase blockade and were ascribed to prevention of the
formation of -OH by tempol since they were prevented by systemic administration of -OH
scavenger, dimethyl sulfoxide (Wei et al., 2009a). Rats with heart failure due to coronary
artery ligation had increased expression in the hypothalamic PVN of the AT1-R, pro-
inflammatory cytokines, NADPH oxidase components and NF«B, and increased plasma
levels of norepinephrine. Icv infusion of the ARB, losartan or of tempol (80 pg - h')
corrected these parameters and decreased plasma levels of Ang Il and left ventricular end
diastolic pressure (Kang et al., 2008). The authors concluded that O, ~ stimulates NF«kB in
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the PVN to sustain the neurohumoral activation that worsened heart failure. Similarly, an icv
infusion of tempol for seven days into rabbits with congestive cardiac failure due to chronic
ventricular tachycardia decreased the expression of AT1-Rs in the RVLM (Liu et al., 2008).
Six weeks of oral tempol (2 mmol - I'1) given to rats with a prior myocardial infarction
caused by coronary artery ligation normalized renal sympathetic nerve discharge, plasma
norepinephrine, left ventricular end diastolic pressure and contraction (Shi et al., 2009).
Administration of tempol and apocynin to rabbits with chronic heart failure corrected the
increased expression in the RVLM of the AT1-R (Shi et al., 2009) and the cytosolic
phosphorylation of c-JUN N-terminal kinases protein and the activator protein-1 DNA
binding activity (Liu et al., 2008).

Tempol also diminishes reflex activation of the SNS. The cardiac sympathetic afferent reflex
which was activated by epicardial bradykinin or Ang Il was enhanced in rats with chronic
heart failure and led to enhanced renal sympathetic nerve activity (Ding et al., 2009). This
was prevented by microinjection of tempol into the PVN (Han et al., 2007). Rabbits with
chronic heart failure had increased peripheral chemoreceptor sensitivity that was corrected
by local application of tempol to the carotid body chemoreceptor nerve (Li et al., 2007).
These studies have established that ROS generated in brain stem cardiovascular nuclei can
lead to sustained angiotensin-dependent activation of the SNS. Tempol, whether given
systemically or into these nuclei, can prevent the activation of the SNS which might
contribute to beneficial effects in models of heart failure where ongoing SNS drive in the
heart limits cardiac function and in the kidney where the sympathic drive may contribute to
azotemia and renal NaCl and fluid retention. The inhibition of the SNS by tempol during
heart failure can involve reduced afferent input and reduced reflex activation as well as
reduced brain-stem SNS drive.

Tempol has also been effective in reducing some manifestation of right heart failure.
Tempol (500 pumol - kg™t - 24h1) normalized the right ventricular systolic pressure and
reduced the right ventricular hypertrophy in a rat model of hypoxic right heart failure and
pulmonary hypertension (Elmedal et al., 2004) and prevented hypoxic vasoconstriction of
rat pulmonary arteries (Knock et al., 2009). Administration of tempol to neonatal rats
subjected to hypoxia from birth limited pulmonary oxidative stress and attenuateal right
ventricular remodeling. However, tempol slowed cellular differentiation in the distal air
spaces of these hypoxic neonatal rats (Jankov et al., 2008). Tempol administration to
transgenic Ren2 rats limited the increased pulmonary artery pressure and the hypertrophy of
the pulmonary artery and right ventricle (DeMarco et al., 2008). Adrenomedullin is a
vasodilator that activates antioxidant pathways whose expression in pulmonary vessels is
upregulated by hypoxia (Matsui et al., 2004). Adrenomedullin +/- mice subjected to 3 weeks
of hypoxia had enhanced pulmonary artery remodeling and ROS, both of which were
normalized by the administration of tempol (Matsui et al., 2004). Tempol prevented the
hypoxic pulmonary vasoconstriction, independent of NO, in isolated rat lungs (Hodyc et al.,
2007). Thus, tempol may improve manifestations of right heart failure due to prolonged
hypoxia, but experience in neonatal animals suggest that it might have adverse effects in
reducing pulmonary cellular differentiation.

Tempol, hydralazine and PEG-SOD added to aortic valve interstitial cell cultures stimulated
by TGF-p all suppressed calcifying nodule formation (Kennedy et al., 2009). The authors
suggested that anti-oxidants may protect against the development of the valvular
calcification that occurs in the elderly.

5.3. Blood vessels

Angiogenesis can preserve tissue perfusion following vascular damage, ischemia and
hypoxia. ROS have complex effects on angiogenesis. Since ROS are required for some
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angiogenic responses, tempol might be anticipated to inhibit angiogenesis. Indeed both
tempol and SOD inhibited angiogenesis in chick chorioallantoic membranes. This was
attributed to an effect of tempol to reduce H,O,-dependent inducible NOS expression in this
model (Polytarchou & Papadimitriou, 2004). Treatment of human umbilical vein endothelial
cells with tempol, SOD, 4-(2-aminoethyl)-benzenesulfonyl fluoride to block NADPH
oxidase, catalase or L-nitro arginine methylester all inhibited cell migration, proliferation
and endothelial NOS activity (Polytarchou & Papadimitriou, 2005). These studies have
established an anti-angiogenic action of tempol, likely related to a reduction in HyO,-
induced NO generation in tissues or cell models.

On the other hand, ROS generated in response to hyperglycemia (Zhang et al., 2008b)
accelerated the senescence of stem and progenitor cells and inhibited angiogenesis
(Dernbach et al., 2004). Tempol largely prevented the inhibition of proliferation of
progenitor cells by high glucose concentrations (Zhang et al., 2008b). Other studies have
documented a pro-angiogenic action of tempol that may relate to a decrease in O, and
thereby to increased NO bioactivity. Ischemia of the hind-limb of mice increased oxidative
stress, collateral vessel formation, capillary density and tissue blood flow and decreased NO
bioactivity, apoptosis and the expression of extracellular SOD (Kim et al., 2007). Since
these effects of ischemia were diminished in EC-SOD (-/-) mice, but were rescued by
infusion of tempol, they were related to a reduction in vascular O, ~ (Kim et al., 2007). An
impaired collateral blood vessel growth after ileal artery occlusion in the SHR model of
oxidative stress was restored by oral tempol (1 and 5 mmol - I'1) or apocynin (NADPH
oxidase inhibitor) but not by an angiotensin converting enzyme inhibitor or an ARB (Miller
etal., 2007). Tempol promoted the healing response of capillary ECs after a scrape wound
(Braunhut et al., 1996). Two weeks of treatment of salt-loaded stroke-prone spontaneously
hypertensive rats (SHRsp) with an ARB (candesartan 1 mg - kg1 - day™1) or tempol (5 mg -
kg1 - day1) but not a diuretic (trichlormethiazide 1.6 mg - kg™t - day™1) reduced markers of
ROS and markedly increased circulating endothelial progenitor cells (Yu et al., 2008).

These conflicting effects with tempol on angiogenesis are not presently resolved. It may be
that an inhibitory effect of tempol on angiogenesis is mediated by reduced tissue levels of
H»0, in some circumstances but a stimulant effect of tempol on angiogenesis is mediated by
reduced tissue levels of O, ~ and enhanced NO in others.

Vascular injury, diabetes, hyperperfusion or hypertension cause vascular remodeling that
enhances contractility and resistance to flow (Folkow, 1978; Schiffrin, 2004) and contributes
to accelerated neointimal growth and atherosclerosis (Tong et al., 2008). Vascular
remodeling predicted poor cardiovascular outcomes in hypertensive patients and therefore is
a target for therapeutic intervention (Schiffrin, 2001). Tempol diminished the enhanced
VSMC medial migration and vascular remodeling in the injured arteries (Jagadeesha et al.,
2009). Ligation of branches of the mesenteric artery caused high flow-induced vascular
remodeling in surviving arteries that was diminished in obese Zucker diabetic rats but
restored by three weeks of oral tempol (Belin de Chantemele et al., 2009). However, the
administration of hydralazine or tempol for two weeks prevented the flow-induced
remodeling of the mesenteric arteries of old rats (Dumont et al., 2008). The administration
of tempol or apocynin to the adrenomedullin +/-mouse blocked the exaggerated generation
of ROS and the intimal hyperplasia after femoral artery damage (Kawai et al., 2004). Oral
tempol (1 mmol - I'1) for six weeks given to salt-fed, SHRsp reduced the media:lumen ratio
of small mesenteric resistance vessels (Park et al., 2002a). Oral administration of tempol (18
mg/kg/day) for 8 weeks to rats with 2K,1C Goldblatt hypertension corrected the increased
media:lumen ratio of the aorta (vascular remodeling) whereas apocynin was ineffective
despite a similar reduction in hypertension (Castro et al., 2009). Tempol corrected the
effects of high medium glucose to increase migration of cultured VSMCs by preventing the
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oxidation and inactivation of the sarcoplasmic/endoplasmic reticulum calcium adenosine
triphosphatase that mediates the inhibitory effects of NO on cell migration (Tong et al.,
2008). Thus, tempol has proved effective in preventing or reversing the vascular remodeling
accompanying vascular repair or prolonged hyperglycemia or hypertension in several
models.

Some of the apparently beneficial effects of tempol on blood vessel remodelling have been
ascribed its reduction of vascular matrix metalloproteases (MMPs). MMPs are zinc-
containing endopeptidases that promote the degradation of excessive extracellular matrix
components and thereby prime VSMCs for migration and proliferation and prime monocytes
for invasion (Newby, 2006). The expression and activity of vascular MMPs are increased by
ROS (Grote et al., 2003; Valentin et al., 2005). Indeed, the oral administration of tempol (18
mg - kg1 - d-1 for 8 weeks) prevented the excessive systemic and vascular ROS generation,
aortic expression and activity of MMP-2 and the vascular remodeling in a rat model of 2K,
1C Goldblatt hypertension (Castro et al., 2009). The oral administration of tempol and
apocynin together (120 mg - kg1 - d1 of each for four weeks) to rats infused with Ang |1
attenuated the cardiac expression of NADPH oxidase, MMP-1 and -2, TGF-$ and
collagen-1, and reduced the cardiac fibrosis (Zhao et al., 2008b). Tempol prevented the
increased aortic expression of MMP-3 of rats developing an aneurysm due to perfusion with
elastase (Sinha et al., 2007) and reduced the aortic expression of MMP-3 and collagen in
ovariectomized rats (Lam et al., 2009). Thus, a reduction in vascular MMPs may contribute
to the effects of tempol to reduce vascular and cardiac remodeling and inflammation (Chow
etal., 2007).

5.4. Brain, spinal cord, peripheral nerve, eye and ear

Tempol has been effective in protecting neuronal cells against ischemic and toxic challenges
in several models. Tempol reduced oxidative damage in cerebral synaptosomes from gerbils
subjected to hyperoxic brain damage (Howard et al., 1996). Cerebral edema, which
exacerbated hypoxic brain damage, was reduced by tempol in a brain slice model
(MacGregor et al., 2003).

Ischemia-reperfusion injury of the brain produced by ligation and release of a cerebral
artery, induced oxidative stress and increased cell [Ca*™*] that contributed to the neuronal
cell death (Cuzzocrea et al., 2000c; Schild & Reiser, 2005) and defective vascular regulation
(Sun et al., 2008). Tempol diminished the cerebral oxidative stress that followed ischemia-
reperfusion or hypoxia-reoxygenation injury to the brain and preserved neuronal viability
(Rak et al., 2000; Cuzzocrea et al., 2000c; Leker et al., 2002; Behringer et al., 2002; Hu et
al., 2003; Kato et al., 2003; Mehta et al., 2004; Schild & Reiser, 2005). Tempol infused one
hour after middle cerebral arterial occlusion in SHR improved subsequent motor
performance and cognitive function and reduced the cerebral infarct size (Leker et al.,
2002). Tempol given intravenously to dogs prior to induced cardiac arrest provided
substantial protection against the subsequent impairment of brain function (Behringer et al.,
2002). Tempol was as effective as blockade of N-methyl-D-aspartate (NMDA) receptors
with dexanabinol in neuroprotection after middle cerebral artery occlusion in the rat. This
suggests that the neural protection provided by tempol entailed preservation of bioactive NO
and/or a reduction in peroxinitrate. Indeed, tempol blocked the enhanced NMDA-induced
neurotoxicity in rat cultured cortical brain cells following induction of inducible NOS,
suggesting that ONOO"™ was the damaging species (Hewett et al., 1994; Teichner et al.,
2003).

A reduction in BP after an acute ischemic stroke can worsen the neurologic deficit because

the blood flow to the ischemic brain tissue at the margin of the infarcted region is no longer
autoregulated. Therefore, the benefits of tempol to protect the brain from ischemia-
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reperfusion injury might be limited by the associated hypotension. The nitroxide 3-
carbamoyl-PROXYL given at the time of reperfusion caused dose-dependent cerebral
protection without reducing the BP (Hu et al., 2003). As with other protective treatments,
the time at which tempol was given was critical. Thus, iv tempol given at the time of
reperfusion reduced lipid peroxidation in the brain and reduced the infract size, but if given
15 minutes after reperfusion, it was not effective (Kato et al., 2003).

Tempol protected cultured neuronal cells against hypoxia-reoxygenation damage
(Tabakman et al., 2002; Yamada et al., 2003; Lang-Rollin et al., 2003) and prevented
phosphorylation of ERK-1 and -2 in ischemic brain tissue (Wakade et al., 2008). Tanycytes
cultured from the hypothalamus supported axonal regeneration but did not survive grafting
to the brain because of sensitivity to ROS which was prevented by tempol and vitamin C
(Prieto & Alonso, 1999). This suggests possible roles for tempol in protecting hypoxic
neuronal cells and aiding regeneration in the brain.

ARBs may have a special protective role against stroke in patients with hypertension
(Dahlof et al., 2002). Tempol also had neuroprotective effects in a model of hypertension in
the SHRsp infused with Ang Il where tempol prevented cerebral neuronal cell loss and
preserved the blood-brain barrier (Kim-Mitsuyama et al., 2005).

Tempol protected the brain or spinal cord from oxidative damage in several models of
traumatic injury (Zhang et al., 1998; Trembovler et al., 1999; Hillard et al., 2004; Hillard et
al., 2007). Tempol (300 mg - kg'1) given to rats at the time of traumatic injury to the spinal
cord (Xiong & Hall, 2009) or to the cerebral cortex (Deng-Bryant et al., 2008) reduced
protein nitration and mitochondrial respiratory dysfunction and reduced calpain-mediated
protein degradation. These effects were attributed to prevention of mitochondrial oxidative
damage in the injured spinal cord (Patel et al., 2009) but were confined to a therapeutic
window of thirty to sixty minutes after cord damage (Patel et al., 2009; Xiong & Hall,
2009). However, repeated doses of tempol after cerebral injury improved recovery of motor
function (Merenda et al., 2008; Deng-Bryant et al., 2008). Tempol also was protective in
transient focal cerebral ischemia (Rak et al., 2000) and prevented constriction of rat
epineurial arterioles during exposure to high levels of oxygen (Sakai et al., 2007). A
subdural hematoma induced cerebral oxidative stress and cerebral infarction that were
reduced in rats given tempol (55 umol - kg1 iv) (Kwon et al., 2003).

Tempol protected the eye against retinal apoptosis, loss of retinal neurones and ONOO"
accumulation after injection of NMDA (el-Remessy et al., 2003) and protected retinal blood
vessels of rats from adverse effects of infused Ang 11 or from DM (Chen et al., 2007a).
Oxidative damage of retinal pigment epithelial cells may underlie macula dengeneration
(Zhou et al., 2008). The reduced form of tempol, tempol-H was more effective than Trolox
or a-tocopherol in protecting these cells from photooxidation (Zhou et al., 2008). The
tempol derivative 1-hydroxy-4-cyclopropanecarbonyloxy-2,2,6,6-tetramethylpiperidine
hydrochloride given to albino rats protected their eyes from photodamage (Tanito et al.,
2007). Tempol prevented the development of autoimmune uveitis in a rat model (Zamir et
al., 1999) and protected the lens from cataract caused by H,O, (Reddan et al., 1999; Zigler,
Jr. etal., 2003; Akiyama et al., 2009) or radiation (Sasaki et al., 1998). Tempol protected
retinal ganglion cells from the toxic effects of hypoxia or from TNFa (Tezel & Yang, 2004).
Thus, a number of studies have demonstrated protective effects of tempol on retinal blood
vessels, the retinal pigment cells and the lens in rodent models of ocular damage.

Guinea pigs subjected to excessive noise developed frequency-dependent auditory threshold
shifts that were mitigated by oral tempol (3 mmol - I'1) (Minami et al., 2007). Tempol
prevented acoustic damage to the cochlear in the mouse (Murashita et al., 2006).
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5.5. Gastrointestinal tract (GIT) and liver

5.6. Lung

5.7. Skeletal

Tempol prevented some of the damaging effect of nonsteroidal anti-inflammatory drugs on
the GIT (Rachmilewitz et al., 1994; Davies & Jamali, 1997) and the development of gastric
ulceration (Rachmilewitz et al., 1994; Samuni et al., 1999; Jia et al., 2007) and capsaicin-
and ethanol-(Karmeli et al., 1995) or iodoacetamide-induced gastric damage (Karmeli et al.,
1996). Tempol prevented ischemia-reperfusion damage to the small intestine (Udassin et al.,
1998; Victorino et al., 2008) and was protective in a rat model of colitis (Cuzzocrea et al.,
2000b; Park et al., 2002b; Bhattacharyya et al., 2009) or pancreatitis (Sledzinski et al., 1995)
but failed to protect against granulomatous lesions in the small intestine in a rat model of
Crohn's disease (Rachmilewitz et al., 1997).

Tempol protected the liver from ethanol-induced damage and the formation of
megamitochondria (Matsuhashi et al., 1998). Tempol conjugated to amino acids protected
the liver from ischemia-reperfusion injury (Bi et al., 2008). Tempol prevented hepatocyte
toxicity from hypoxia, cyanide or antimycin (Niknahad et al., 1995) and reduced hepatic
reperfusion damage (Blonder et al., 2000; Sepodes et al., 2004). Tempol reduced hepatic
ROS, steatosis, fibrosis and hepatic mitochondrial damage in rats transgenic for the ren-2
gene. Thus, tempol was effective in models of both alcoholic and non-alcoholic liver disease
(Wei et al., 2009b).

Encephalophy and raised intracranial pressure can complicate hepatic failure. The addition
of ammonia to cultured brain astrocytes caused oxidation, nitration and activation of the Na/
K/2Cl type 1 transporter that led to neuronal cell swelling which was prevented by tempol
and other antioxidants (Jayakumar et al., 2008).

The administration of tempol to a model of lung transplant prevented pulmonary edema
during warm ischemia and improved pulmonary oxygenation (Hodyc et al., 2008). Tempol
protected cultured pulmonary epithelial cells from the damaging effects of ozone (Castagna
et al., 2009) and prevented the generation of TGF-beta 1 and collagen by lung fibroblasts
stimulated with O, ~ (Qi et al., 2009).

muscle

Superoxide in skeletal muscle reduced tetanic force development whereas incubation of
muscle with tempol enhanced the maximal force development significantly (Edwards et al.,
2007). Intravenous injections of tempol (52 mg - kg™1) or vitamin C (76 mg - kg1) before
electrical stimulation of rat spinotrapezius muscle increased muscle O, tension and usage
yet reduced maximum tone generation (Herspring et al., 2008). Thus, it is unclear what
effects tempol may have on exercise ability. As recently reviewed in detail (Bonetto et al.,
2009), there is increasing evidence that oxidative stress initiates muscle atrophy in aging,
cancer, diabetes, neurological disease and sepsis. However, there is no experience with the
use of tempol in these conditions.

6. Additional actions of tempol

6.1. Protection from radiation and ultraviolet light

Cellular irradiation evoked a sustained increase in ROS over 8 days (Gao et al., 2008). The
ensuing cellular damage likely entailed O, ~ since overexpression of Cu/Zn-SOD (SOD-1)
conferred radioresistance (Gao et al., 2008).

Mitchell et al demonstrated that tempol protected cells (Mitchell et al., 1991; DeGraff et al.,
1992a) and mice (Hahn et al., 1992a; Liebmann et al., 1994) from the lethal effects of
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radiation without apparent toxicity. Tempol and stem cell factor acted synergistically to
protect mice from lethal doses of radiation (Liebmann et al., 1994). These effect of tempol
were related to a reduction in tissue O, ~ since the nitroxide was radioprotective whereas
the hydroxylamine was not (Mitchell et al., 1991). Tempol protected against whole body
radiation with a dose-modifying factors of 1 to 4 (Hahn et al., 1992a). The important finding
that tempol protected oxygenated (Mitchell et al., 1991; Krishna & Samuni, 1993) but not
hypoxic cells (Millar et al., 1985) from radiation-induced cell death provided insight into
how nitroxides may provide radioprotection of normal cells without preventing
radiosensitivity of hypoxic tumor cells (Millar et al., 1977; Millar et al., 1978; Millar et al.,
1983). Thus, Hahn et al reported that pretreatment of mice with ip tempol (1.6 mmol - kg1)
protected the bone marrow, but not an implanted tumor, against radiation. Studies with
electron paramagnetic resonance or magnet resonance imaging (MRI) led to the conclusion
that this was due to a rapid bio-reduction of tempol to its non-radioprotective hydroxylamine
analogue in the tumor (Hahn et al., 1997; Cotrim et al., 2007). Tempol and mouth shielding
completely protected mouse salivary glands from damage during head and neck irradiation
(Vitolo et al., 2004). Cotrim et al showed that the decay of the tempol nitroxide signal
studied by MRI within a salivary gland tumor in mice was faster than in normal tissues
(Cotrim et al., 2007) which could account for the finding that tempol given before radiation
protected the normal salivary glands from radiation damage without modifying the anti-
tumor effect of the radiation on a tumor implanted in the leg (Cotrim et al., 2005; Cotrim et
al., 2007). This differential effect of tempol was attributed to a 2-fold faster reduction of
tempol in the tumor cells to the hydroxylamine, compared to the submandibular gland
(Cotrim et al., 2007). Recently, Mitchell et al have proposed the use of MRI after nitroxide
injection to detect the ideal time for radiotherapy when the normal tissues, but not the tumor,
are protected (Hyodo et al., 2008).

However, other studies have shown that nitroxide hydroxylamines also can provide radiation
protection under certain conditions. Both nitroxides, and their corresponding
hydroxylamines, protected cells from DNA fragmentation by oxidants generated by the
Cu** -catalyzed Huber-Weiss reaction. However, under conditions that prevented the
reconversion of the hydroxylamine to the nitroxide, only nitroxide radicals protected against
radiation damage (Mitchell et al., 1991; Xavier et al., 2002). Normally, tempol-
hydroxylamine can be oxidized in vivo to tempol within 10 minutes when it becomes
effective in radiation protection (Mitchell et al., 1991; Sasaki et al., 1998; Hahn et al., 2000;
Matsumoto et al., 2004). Thus, radiation protection by tempol-hydroxylamine in these
conditions likely follows from its re-conversion to the active tempol nitroxide. However,
intraocular injection of tempol, but not tempol-hydroxylamine, lessened radiation-induced
DNA strand breaks in the rabbit eye (Sasaki et al., 1998). Thus not all environments are
effective in oxidizing tempol-hydroxylamine to the radioprotective nitroxide radical.

The structural requirements for radiation protection by nitroxides showed that six-member
piperidine nitroxides, such as tempol were effective for radiation protection and their
hydroxylamines were efficiently reoxygenated to the nitroxide radical in vivo (Matsumoto et
al., 2004). Other water-soluble nitroxides, such as 3-carbamoyl-PROXYL, provided similar
in vivo radioprotection as tempol but did not lower the BP (Hahn et al., 1998). Among a
family of nitroxides, those that were positively charged [e.g. tempamine and 3-
aminomethyl-PROXYL] provided the best binding to DNA and the best radioprotection.
The amphilite tempol was intermediate and negatively charged nitroxides were least
effective (Hahn et al., 1992b). Radioprotective effects of nitroxides required cell permeation.
Thus, tempol, but not the cell impermeable nitroxide 4-trimethyl-ammonium-2,2,6,6-
tetramethylpiperidine-1-oxyl iodide, protected human lymphaoblastoid cells against
radiation-induced cell death (Samuni et al., 2004a) and protected human peripheral blood
lymphocytes against radiation-induced chromosomal aberrations (Johnstone et al., 1995).
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Radiation protection was quite specific for nitroxide radicals in one study since N-acetyl
cystein, which also is a cell-permeable antioxidant, was not effective (Samuni et al., 2004a).
These studies have established that radioprotection by nitroxides requires that they be
capable of redox cycling, be positively charged or neutral and be cell membrane permeable.

Several studies have examined the basis for radiation protection by tempol. This entailed a
reduction of transition metals, SOD-like activity, scavenging of oxy- and carbon-based free
radicals (Hahn et al., 1994), a diminished formation of -OH (Polytarchou et al., 2006), and a
reduction in ROS generated within mitochondria (Miura et al., 2000) which could account
for the greater efficacy of the mitochondrial targeted hemigramicidin-S-conjugated tempo
(Jiang et al., 2008). Tempol protected lipids (Samuni et al., 1997) and acyl chains (Samuni
& Barenholz, 1997) from radiation-induced degradation, albumin from carbonyl formation
(Damiani et al., 2000) and cells from DNA strand breaks (Damiani et al., 1999). Thus,
nitroxides protect cells and their components from a wide range of damaging effect of
radiation by redox cycling from the nitroxide to the hydroxylamine species.

Organ damage after irradiation is compounded by endothelial dysfunction, disruption of the
microcirculation and ischemia (Jordan et al., 1978; Law, 1981; Hopewell et al., 1986;
Kantak et al., 1993; Hatoum et al., 2006). This may be an additional protective site of
tempol since it can promote the healing of damaged capillary ECs (Braunhut et al., 1996).

A topical formulation of tempol which prevented radiation-induced alopecia in guinea-pigs
(Cuscela et al., 1996) is undergoing a phase Ib clinical study to evaluate its safety and side
effect profile for protection against radiation-induced skin damage and alopecia in patients
receiving head irradiation for brain metastases (Metz et al., 2004). Tempol was well
tolerated and effective in eight of nine patients in retaining hair after irradiation (Metz et al.,
2004).

These extensive experimental studies have established that tempol confers strong protection
against the damaging effects of radiation on normal cells and tissues while generally
preserving the damaging effects of radiation on malignant cells.

ROS are implicated in photodamage and aging of the skin (De et al., 1978; Pence & Naylor,
1990; Bissett et al., 1992; Miyachi, 1995). Tempol was effective in protecting cells (Weaver
& Chon, 1966), skin (Bernstein et al., 2001; Yuen et al., 2002) and dermal fibroblasts (Yan
et al., 2005) from UV light damage or photoaging. A tempol derivative was more effective
than common ingredients of sunscreen formulations in protecting against UV damage
(Damiani et al., 2002). Tempol penetrated well into skin where it was effective in protecting
from damage caused by x-irradiation or UV light (Bernstein et al., 2001).

6.2. Anti-tumor and cancer-preventative actions and interactions with cancer
chemotherapeutic agents

ROS participate in both cellular apoptosis and proliferation according to ROS species,
concentration and cell type (Schubert et al., 2004). Thus, H,0, induced VSMC proliferation
at low micromolar concentrations but apoptosis at higher concentrations (Stone & Yang,
2006). Tempol can prevent the effect of ROS to activate serine/threonine-specific protein
kinase-signalling pathways and induce apoptosis in several studies of normal cells
(Fiordaliso et al., 2007; Song et al., 2007; Wakade et al., 2008). Yet ROS in the vasculature
mediate the proliferative and remodeling responses of VSMCs to Ang I, platelet derived
growth factor, thrombin and inflammatory stimuli (Lambeth, 2007).

Tumors and tumor cells produced excess ROS, often from NADPH oxidase (Szatrowski &
Nathan, 1991; Burdon, 1995; Burdon, 1996; Droge, 2002; Chamulitrat et al., 2003;
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Lambeth, 2007). Malignant tumor cells proliferated despite increased ROS production in
most (Toyokuni et al., 1995; Kondo et al., 1999; Martin et al., 2007) but not all assay
systems (Ko et al., 2007). Therefore, a reduction in tumor ROS by tempol might not be
anticipated to have anti-tumor actions. However, the situation is complicated since
preservation of bioactive NO by tempol can cause apoptosis, depending on the concentration
and underlying state of proliferation (Muhl et al., 1996; Shami et al., 1998; Hajri et al.,
1998), whereas ROS can cause DNA damage and thereby become mutagenic or cytotoxic at
higher concentrations (Schubert et al., 2004).

Several studies have demonstrated that tempol reduced tumor growth or incidence.
Important insights derived from studies by Gariboldi, Monti and colleagues of apparently
paradoxical oxidant-like effects of tempol in neoplastic cells that underlied its
antiproliferative and antitumor actions (Gariboldi et al., 1998; Gariboldi et al., 2000;
Gariboldi et al., 2003; Gariboldi et al., 2006). Thus, whereas tempol diminished apoptosis in
normal lymphocytes (Kobayashi & Schmid-Schonbein, 2006), it induced apoptosis in a
human promyelocytic leukemic cell line (Gariboldi et al., 2000; Monti et al., 2001).
Nitroxides caused oxidative stress, cell death (Gariboldi et al., 2000), decreased
mitochondrial membrane potential and increased mitochandrial ROS generation in
neoplastic human promyelocytic leukemic cells (Gariboldi et al., 2000; Monti et al., 2001).
The cytotoxic effect of tempol on tumor cells was related to glutathione depletion and
hypoxia (Metodiewa et al., 2000; Samuni et al., 2004b) via reactions of tempol with
glutathione (Glebska et al., 2003) or with heme (Yin et al., 2004). Tempol elicited distinct
signalling mechanisms in human breast cancer cells culminating in apoptotic cell death (Suy
etal., 1998).

Further insight came from studies of mice deficient in the ataxia-telangiectasia gene with a
high incidence of lymphoid tumors and neurodegeneration (Reliene et al., 2008). Although
tempol prevented these effects and doubled their lifespan (Schubert et al., 2004; Reliene &
Schiestl, 2007; Reliene et al., 2008), this remarkable effect was dissociated from its
antioxidant actions. Thus tumor formation was unaffected when the tissue levels of ROS
were enhanced by deletion of the genes for SOD-1 or -2 or reduced by a-tocopherol (Erker
et al., 2006). Rather, the ability of nitroxides to inhibit tumor growth was ascribed to an
increase in tumor cell ROS (Gariboldi et al., 1998; Gariboldi et al., 2000; Monti et al., 2001)
which explained the observation that the anti-oxidant drug NAC blocked the anti-tumor
effect of tempol in breast cancer cells (Gariboldi et al., 2006).

The observation that the incidence of cancer was lower in those consuming a diet rich in
naturally occurring antioxidants and that ROS were increased in cancerous tissues suggested
that antioxidants might prevent tumor formation (Schubert et al., 2004). Indeed, normal
mice fed tempol from birth had a 4-fold reduction in spontaneous tumorgenesis (Mitchell et
al., 2003). Tempol reduced glioma formation in rats (Gariboldi et al., 2003) and delayed the
development of tumors (Gariboldi et al., 2003; Zhang et al., 2008a), and prolonged the
lifespan, of cancer-prone mice harboring a p53 gene deletion (Erker et al., 2005). These
differential effect of tempol on tumor cells suggested that tempol could be a novel agent for
cancer prevention or chemotherapy (May et al., 1998; Schor et al., 2004).

A note of caution comes from some studies which have demonstrated potential tumorgenic
effects of tempol. Tempol caused post-transcriptional activation of the urokinase receptor
(Lejeune et al., 2006) which is associated with progression of human prostate cancer
(Rabbani & Xing, 1998). Rats subjected to severe exercise showed DNA strand breaks that
were enhanced by oral tempol (200 umol - kgt - d°1) (Wierzba et al., 2006).
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Tempol interacts with many chemotherapeutic agents. Tempol potentiated the cell death
and/or apoptosis, and upregulated p22 protein expression (Ravizza et al., 2004b) in Jurkat
tumor cells (Sugimoto et al., 2002), human Burkitt lymphoma cells (Shacter et al., 2000) and
colon cancer cells (Ravizza et al., 2004b). Tempol reduced ROS and diminished toxicity of
the chemotherapeutic agents doxorubicin, cisplatin, AraC or VP-16 (Czepas et al., 2008).
Tempol reduced the lethality of 6-mercaptopurine and enhanced its anti-tumor effect
(Konovalova et al., 1996a; Konovalova et al., 1996b). Tempol reduced glutathione levels
and synergetically enhanced the cytotoxic effects of the methylating agent, temozolomide in
human glioblastoma cells (Ravizza et al., 2004a).

A limitation of chemotherapy with anthracycline agents such as doxorubicin has been the
development of multidrug resistance (Longley & Johnston, 2005). Tempol synergized with
doxorubicin in causing cytotoxicity of human breast adenocarcinoma cells by inhibiting the
multidrug resistance pathway and thereby enhanced the cellular uptake of doxorubicin
(Gariboldi et al., 2006).

An enhancement of chemotherapeutic efficacy by tempol has not been a universal finding.
Apoptosis induced by the chemotherapeutic agents VVP-16 and cisplatin in human B
leukemic cells (Senturker et al., 2002) or by antimycin A in Hela cancer cells was unaffected
by tempol (Han et al., 2008b). Tirapazamine becomes an active anti-tumor agent after
reduction to nitrogen oxide anion radical which was prevented by tempol (Khan & O'Brien,
1995). The cytotoxicity of mitomycin C, or its quinolone redox-cycling analogues, were
inhibited by tempol (Samuni et al., 2002).

Tempol protected normal cells from the cytotoxic effect of some chemotherapeutic agents. It
prevented the cardiotoxicity of adriamycin (DeGraff et al., 1994; Monti et al., 1996), the
hepatotoxicity of antimycin (Niknahad et al., 1995), the cytotoxicity of the semiquinone
redox cycling agents, such as streptonigrin (DeGraff et al., 1994), the neurotoxicity of 6-
hydroxydopamine (Purpura et al., 1996; Weinberg et al., 2004) and the spinal cord toxicity
of etanidazole (Palayoor et al., 1994).

Thus, tempol has selective, but not universal, effects that can both enhance
chemotherapeutic efficacy of anti-cancer agents against tumor cells while protecting some
normal cells from these adverse effects.

6.3. Toxicity from drugs, metals, pollutants, and food additives

Paraquat is a redox-cycling quinolone used as a broad-spectrum herbicide which, if ingested,
causes widespread oxidative damage and multisystem failure. Tempol protected cultured
kidney cells from toxic effects of paraquat or related compounds (Zhang et al., 1994;
Samuni et al., 2002; Samai et al., 2007). The addition of tempol to the bath of isolated,
perfused renal afferent arterioles prevented the graded vasoconstriction produced by
paraquat (Schnackenberg et al., 2000). Thus tempol might be effective against paraquat
toxicity.

Tempol can prevent the effects of free iron to catalyze the production of :OH from H,0, by
the Fenton reaction (Goralska et al., 2000). However, tempol has complicated effects on iron
metabolism that can affect the outcome. Thus, high concentrations of tempol added to lens
epithelial cells reduced the incorporation of iron into ferritin and increased the pool of free
iron (Goralska et al., 2000) whereas lower concentrations of tempol protected against iron
release during hypoxia (Borisenko et al., 2000). Tempol given to mice with deletion of the
gene for the iron regulatory protein-2 restored iron homeostasis in the brain and attenuated
the associated progressive neuromuscular dysfunction (Ghosh et al., 2008). The profound
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endothelial dysfunction that occurs the day after injection of iron gluconate into rats was
prevented by co-administration of tempol or NAC, but not by ascorbate (Nouri et al., 2007).

Tempol prevented cuprous ions from forming a superoxide generating complex with
glutathione (Speisky et al., 2009). Tempol protected human lymphocytes from toxic effects
of chromium and cadmium salts (Lewinska et al., 2008), protected arterial endothelium from
the dysfunction caused by nanomolar concentrations of mercury chloride (Wiggers et al.,
2008) and protected cultured juxtaglomerular (Han et al., 2008c) and lung cells (Han et al.,
2008a) from apotosis by arsenic trioxide.

The aortas from Apo E gene deleted mice exposed to gasoline engine exhaust had enhanced
endothelin-1 expression and upregulation of membrane metalloprotease-2 and -9 and
TIMP-2 which were corrected by oral tempol (41 mg - kg1 - day™) (Lund et al., 2009a).

Carrageenans are sulphated polysaccharides which are used widely as food additives. They
can cause inflammatory colitis in animals that was prevented by tempol (Bhattacharyya et
al., 2008). Tempol prevented hepatotoxicity from H,O, generated by high concentrations of
hydralazine (Tafazoli & O'Brien, 2008), the anti-malarial compound amodiaquine (Tafazoli
& O'Brien, 2009) or tetramethylphenylenediamine (Pourahmad et al., 2008). Tempol
prevented the genomic damage caused by dopamine (Stopper et al., 2009) or by ROS
(DeGraff et al., 1992b).

6.4. Anti-neurodegenerative action

Studies in animal models, and limited clinical information, suggest that some
neurodegenerative diseases including Alzheimer's disease, Parkinson's disease, Huntington's
disease and amyotrophic lateral sclerosis might be associated with increases in ROS
(Moosmann & Behl, 2002). Thus, patients with Parkinson's disease have a high frequency of
single nucleotide polymorphisms in the gene for Mn-SOD (Shimoda-Matsubayashi et al.,
1996; Grasbon-Frodl et al., 1999). Patients with the inherited form of amyotrophic lateral
sclerosis have changes in the gene for SOD-1 that lead to its oligomerization and to an
increase in ROS formation (Valentine & Hart, 2003). These observation suggest a
therapeutic potential for tempol in these conditions (Grasbon-Frodl et al., 1999). Indeed,
tempol given to mice diminished the severity of the Parkinsonian syndrome that followed
intrastratal administration of 6-hydroxydopamine (Liang et al., 2005) and protected against
neurotoxicity and striatal dopamine depletion after malonate challenge in a model of
neurodegenerative disease (Matthews et al., 1999). Incubation of neuronal cells with
dopamine increased the formation of tempol-hydroxylamine implying that tempol had
reacted with -OH generated in the cells by dopamine (Kudo et al., 2008).

The accelerated age-dependent cognitive decline of mice transgenic for the human renin
gene was prevented by tempol (Inaba et al., 2009). Tempol prevented the progressive
neurodegenerative disorder of mice with a knockout for the iron regulatory protein-2 (Ghosh
et al., 2008). Tempol, and the peroxisome proliferator-activator receptor gamma agonist,
pioglitazone fully preserved cerebrovascular function in mice transgenic for the amyloid
precursor protein as a model of Alzheimer's disease (Nicolakakis et al., 2008).

6.5. Effects on inflammation and pain

Many studies have shown anti-inflammatory effects of tempol. For example, tempol blocked
the release of cytokines from cultured ECs challenged with macrophage chemotactic
protein-1 or interleukin-6 (\Volk et al., 2000), reduced the pleural exudation and the
polymorphonuclear cell migration in a rat carrageenan-induced model of pleuracy (Kurihara
et al., 2002), reduced the inflammation in a rodent model of periodontitis (Di et al., 2005)
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and delayed the manifestations of collagen-induced arthritis in the rat (Cuzzocrea et al.,
2000d).

Generation of ROS in the central nervous system can induce pain. Thus, the intrathecal
injection of antimycin A or rotenone into the spinal cord of mice to induce mitochondrial
ROS generation evoked long-lasting hyperalgesia that was prevented by intrathecal tempol
(Kim et al., 2008). Intrathecal tempol prevented thermal and mechanical hypersensitivity in
a rat model of neuropathic pain (Tanabe et al., 2009). Tempol and NAC diminished chronic
neuropathic pain in models of post-ischemic (Coderre et al., 2004) or chronic injury-induced
pain (Tal, 1996) and reduced the hyperalgesia and normalized the evoked responses in the
spinal cord of rats given intradermal capsaicin (Lee et al., 2007). Tempol prevented the
central component of pain sensitization after injection of capsaicin into the foot (Schwartz et
al., 2008). These data suggest potent analgesic effects of tempol mediated by reduction of
ROS in the spinal cord.

6.6. Effects on infection

Superoxide is required for killing bacteria within phagolysosomes of activated leukocytes.
Therefore, inhibition of Oy ~ generation with tempol might limit the host defense against
bacterial infection. This concept was tested in pigs injected with live Pseudomonas
aeruginosa bacteria which led to hypotension, a progressive deterioration in mucosal
microcirculation and renal and hemostatic dysfunction. However, tempol given with iv fluid
infusion 12 hours after the induction of sepsis reduced all of these parameters. It is
remarkable that in this and other models of sepsis, tempol prevented a catastrophic fall in BP
in contrast to its usual effect to lower BP (Matejovic et al., 2007). These studies suggest that
tempol does not impair the ability to respond to an acute and severe systemic infection with
aerobic bacteria.

The pathogenicity of malaria parasites involves the generation of -OH following release of
iron within erythrocytes (Schwartz et al., 1999). Tempol inhibited parasite growth in the
erythrocytes (Schwartz et al., 1999) and protected erythrocytes from oxidative hemolysis
(Wu et al., 1997; Li et al., 2006) likely by limiting -OH formation by iron-catalyzed
metabolism of H,O,. Erythrocytes from mice infected with the malaria parasite Plasmodium
berghei reduced nitroxides at an accelerated rate (imply a hypoxic or reducing environment)
that was corrected by chloroquine (Deslauriers et al., 1987).

On the other hand, two studies have detected effects of tempol that might promote infection.
Tempol enhanced the growth of the anaerobic bacteria Campylobacter species. These
bacteria normally cannot grow in media with an O, content above 15% but tolerated high O,
contents in the presence of tempol (Hodge & Krieg, 1994). Oral tempol given to mice for
four months after injection with Leishmania amazonensis inhibited inducible NOS
expression and NO derived oxidants and increased the parasite burden (Linares et al., 2008).
Thus, tempol might increase the pathogenicity of anaerobic bacteria and reduce host
resistance to certain parasitic infections.

6.7. Shock and multiorgan failure

Tempol has been effective in ameliorating the effects of septic shock in several experimental
settings. Tempol diminished the myocardial depression (Peng et al., 2005), preserved the
renal blood flow and the GFR (Wang et al., 2003b; Wang et al., 2008b), ameliorated the
renal and liver injury and preserved organ blood flow and metabolism (Leach et al., 1998;
Zacharowski et al., 2000) in rodent or porcine (Matejovic et al., 2007) models of septic or
endotoxic shock. Rats treated with lipopolysaccharide (LPS) developed shock and
multiorgan failure accompanied by a rapid decline in the expression of Cu/Zn-SOD in the
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kidney (Leach et al., 1998). Tempol (550 pumol - kg'1), given before endotoxemia, attenuated
organ dysfunction (Leach et al., 1998) and restored vascular NO generation in mesenteric
vessels without perturbing their reactivity to NE, suggesting that tempol should preserve
sympathetic vascular responses (Hernanz et al., 2004). Microinjections of tempol or the
inducible NOS inhibitor, S-methylisothiourea into the rostroventral medulla of rats treated
with LPS preserved brain stem mitochondrial function and cell viability and diminished the
cardiovascular depression (Chan et al., 2005). Prolonged ischemia and reperfusion of the
intestine led to local mucosal damage (Berber et al., 2009) and to pulmonary capillary
dysfunction and leak (“shock lung”) that were prevented by infusion of polynitroxylated
albumin and tempol (Zhang et al., 2000). Tempol alone had a similar effect and reduced the
mortality (Teke et al., 2008). Tempol, or a metalloporphyrin antioxidant, administered to
mice after an injection of LPS, restored the renal expression of EC-SOD and the renal
hemodynamics (Wang et al., 2003b). Since the beneficial effects of tempol were prevented
by blockade of inducible NOS, the protection by tempol was ascribed to preservation of NO
generated from inducible NOS and inhibition of peroxynitrate formation (Wang et al.,
2003b). Tempol given to rats with multiorgan failure due to sepsis improved the
hemodynamics and survival, and reduced the polymorphonuclear cell accumulation in the
lungs and liver (Liaw et al., 2005). Tempol, NAC or blockade of NADPH oxidase all
prevented TNFa generation by LPS in cardiomyocytes (Peng et al., 2005) that has been
implicated in sepsis-induced myocardial depression (Pogrebniak et al., 1991).

Tempol given with fluid resuscitation has been effective in alleviating many of the adverse
consequences of hemorrhagic shock. Tempol improved the survival of rats following
hemorrhage (Kentner et al., 2002) and diminished the associated hemodynamic instability,
the multi-organ dysfunction (Mota-Filipe et al., 1999) and the hepatic damage (Paxian et al.,
2002; Paxian et al., 2003). Tempol (170 umol - kg1 - h™1 iv) given to rats during reperfusion
four hours after hypotensive hemorrhage prevented the delayed circulatory failure (Mota-
Filipe et al., 1999) but when given without adequate volume resuscitation, tempol enhanced
the mortality (Kentner et al., 2007).

Tempol also has been effective in mitigating the consequences of severe circulatory failure.
Tempol protected the brain following cardiac arrest (Behringer et al., 2002) and ameliorated
the multiorgan failure, DNA damage and impaired mitochondrial respiration in rats after
zymosan (Cuzzocrea et al., 2001). Tempol given to swine one hour after chest injury
reduced their requirements for fluid infusion and reduced pulmonary inflammation, but did
not modify mortality (Maxwell et al., 2000). Hind limb ischemia and reperfusion in the rat
led to multiorgan dysfunction with edema, inflammation and the release of lactate
dehydrogenase and creatine phosphokinase from unaffected muscle which were ameliorated
by tempol given at the time of reperfusion (Arieli et al., 2008).

Thus, tempol can diminish organ damage in models of septic, hemorrhagic or ischemic
shock, and multiorgan failure. Further work is needed to determine whether tempol is
effective in the more challenging setting of alleviating the consequences of established
shock, and whether tempol is the best nitroxide for use in these conditions.

6.8. Fertility and teratogenicity

Tempol improved the effectiveness of bull semen for artificial insemination (Foote et al.,
2002) and, when added to ram semen, improved its motility and fertility (Mara et al., 2005).
The addition of tempol to goat semen did not perturb pregnancy rates or the frequency of
kidding (Mara et al., 2007).

Tempol (1 mmol - I'1) added to control medium did not disrupt embryogenesis and
prevented the effects of hyperglycemic culture media to cause malformed embryos (Ryu et
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al., 2007). The authors concluded that tempol might provide protection against diabetic
teratogenicity (Ryu et al., 2007). The pregnant BPH/5 mouse developed proteinuria,
hypotension, excessive placenta ROS and impaired fetal growth and survival which was
considered a model of human preeclampsia. These effects were prevented by tempol
(Hoffmann et al., 2008).

6.9. Aging and other protective actions

Tempol has been effective in preventing or reversing some of the effects of aging. Tempol
or apocynin restored the capacity of NO to inhibit cardiac O, usage (Adler et al., 2003) and
restored EDRF/NO responses of cerebral arterioles isolated from aged Fisher-344 rats
(Mayhan et al., 2008) or aged SHR (Payne et al., 2003). The restoration of EDRF/NO
responses by tempol in blood vessels from aged rodents (Lesniewski et al., 2009; Durrant et
al., 2009; Modrick et al., 2009; Lund et al., 2009b) was attributed to substitution for the
decreased expression of vascular EC-SOD during aging (Lund et al., 2009b). Tempol
prevented the hyperphosphorylation and inactivation of the dopamine D1 receptor and
restored the natriuretic effect of dopamine in aged rats (Beheray et al., 2000; Fardoun et al.,
2006).

The addition of tempol to the culture medium of Drosophila melanogaster increased their
life span (Izmaylov & Obukhova, 1996). Finally, mice fed tempol from birth appeared fully
healthy and lived 40% longer (Mitchell et al., 2003).

7. Conclusions

Redox-cycling nitroxides effectively reduced cellular, tissue and whole animal ROS in a
wide range of animal studies and models complicated by oxidative stress. During long term
administration, tempol had multiple actions to diminish oxidative and nitrosative stress. For
example, tempol catalased the dismutation of O, ~, facilitated catalase-like metabolism of
H,0, and prevented Fenton signalling and -OH formation. These primary effects were
accompanied by reduced lipid peroxidation, protein carbonyl formation, tyrosine nitration
and DNA damage, and enhanced bioactivity of NO in blood vessels and organs.

Tempol reduced renal, cardiac, cerebral and gastrointestinal damage in animal models of
ischemia-reperfusion injury. Tempol prevented vascular remodeling and preserved
mitochondrial function in blood vessels from hypertensive models.

Tempol has metabolic actions related to improved mitochondrial function, cell membrane
signalling and NO activity. Tempol reversed insulin resistance in models of oxidative stress
by improving insulin release and glucose uptake, restoring leptin and adiponectin responses
and reducing food intake. It ameliorated the elevated plasma lipid levels while increasing the
protective high density lipoprotein cholesterol in models of the metabolic syndrome. It was
effective in moderating renal and vascular complications of diabetes in rodent models.

Tempol has exerted other protective effects against toxic, environmental, pharmacologic or
radiation-induced challenges. It protected normal tissues from radiation damage yet
paradoxically maintained the tumoricidal actions of radiation. This was related to the low
PO, and high O, ~ in tumors that reduced the nitroxide tempol to the hydroxylamine that
did not confer radiation protection. Whereas tempol enhanced proliferation in normal cells,
it reduced tumor incidence and had apoptotic and cytotoxic actions on tumor cells which
synergized with chemotherapeutic agents in some cancer models. These effects have been
related to differential cell signalling by tempol in neoplastic and normal cell lines.
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Tempol has been remarkably effective in improving the function and survival of animals
after hemorrhagic or septic shock. It prevented toxic reactions to iron and drugs such as
paraquat, prevented nitrate tolerance and has some promise for reducing neurodegenerative
diseases and the aging process. Indeed, tempol, or related nitroxides, could have a role in
preventing many of the devastating consequences of aging on the cardiovascular, renal and
cerebrovascular systems. However, tempol presently has only been used in human subjects
as a topical agent to prevent radiation-induced alopecia.
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Figure 1.

Redox cycling reactions of tempol involving the nitroxide radical (Panel A) or the 4-position
of the piperidine ring (Panel B).

Panel A: Reprinted from Soule, B. P., Hyodo, F., Matsumoto, K., Simone, N. L., Cook, J.
A., Krishna, M. C., et al. (2007). The chemistry and biology of nitroxide compounds. Free
Radic Biol Med 42, 1632-1650. Copyright 2007 Elsevier Limited. Used with permission.
Panel B: Reprinted from Saito, K., Takeshita, K., Ueda, J., & Ozawa, T. (2003). Two
reaction sites of a spin label, TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl),
with hydroxyl radical. J Pharm Sci 92, 275-280. Copyright John Wiley & Sons Inc. Used
with permission.
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Figure 2.

Mean + SEM values for percentage inhibition of cellular superoxide formation in cultured
preglomerular vascular smooth muscle cells stimulated with angiotensin Il and detected by
low concentration lucigenin chemiluminence by maximum effective concentrations (10-3M
or 10"*M) of drugs. PEG, pegolated; SOD, Cu/Zn superoxide dismutase; tempol, 4-
hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl; NAC, N-acetyl-L-cysteine; EPC,
(-)epicatechin; NTB, nitroblue tetrozolium; Fe-TTPS, 5,10,15,20-tetrakis (4
sulphonatophenyl) porphyronate iron; Tr, trolox; Toc, a-tocopherol; Asc, ascorbate.
Compared to SOD: *, p<0.0125; a, generation of O, ~ increased at lower drug
concentration.

Data drawn from Luo, Z., Chen, Y., Chen, S., Welch, W. J., Andresen, B. T., Jose, P. A, et
al. (2009). Comparison of inhibitors of superoxide generation in vascular smooth muscle
cells. Br J Pharmacol 157, 935-943.
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Figure 3.

Panel A depicts the relationship between renal oxygen usage (Qo2) and tubular sodium
transport (Tpng) in normal rats. It shows the effects of increases in an angiotensin I, reactive
oxygen species or reduction in nitric oxide to increase the slope of the line (and decrease the
efficacy of renal O, usage for chemical work) or tempol or an angiotensin receptor blocker
given to these models to reduce the slope of the line. Panel B shows mean + SEM values for
PO, measured with an ultramico, coaxial electrode placed within the renal tubule by
micropuncture. Rats received vehicle (open boxes) or angiotensin Il at 200 ng - kgt - min by
osmotic minipump (closed boxes) given with vehicle or tempol at 200 nmol - kg1 - min sc
for two weeks.

Panel A, data drawn from:

Welch, W. J., Blau, J., Xie, H., Chabrashvili, T., & Wilcox, C. S. (2005). Angiotensin-
induced defects in renal oxygenation: role of oxidative stress. Am J Physiol 288, H22-H28.
Welch, W. J., Mendonca, M., Aslam, S., & Wilcox, C. S. (2003). Roles of oxidative stress
and AT receptors in renal hemodynamics and oxygenation in the post-clipped 2K,1C
kidney. Hypertens 41, 692-696.

Welch, W. J., Baumgartl, H., Libbers, D., & Wilcox, C. S. (2003). Renal oxygenation
defects in the spontaneously hypertensive rat: role of AT; receptors. Kidney Int 63, 202-208.
Welch, W. J., Baumgartl, H., Liibbers, D., & Wilcox, C. S. (2001). Nephron PO, and renal
oxygen usage in the hypertensive rat kidney. Kidney Int 59, 230-237.

Panel B, data drawn from:

Welch, W. J., Blau, J., Xie, H., Chabrashvili, T., & Wilcox, C. S. (2005). Angiotensin-
induced defects in renal oxygenation: role of oxidative stress. Am J Physiol 288, H22-H28.
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Mean + SEM values from obese Zucker rats fed for 10 weeks a reduced fat diet (14%; open
boxes), a high fat diet (35%, cross-hatched boxes) as a model of the human metabolic
syndrome, or a high fat diet and given tempol (1 mmol - I'1) in the drinking water (closed
boxes). In addition to the effects shown, tempol lowered the mean arterial pressure and renal
NADPH oxidase activity and corrected albuminuria but did not modify food intake.

Data drawn from Ebenezer, P. J., Mariappan, N., Elks, C. M., Haque, M., & Francis, J.
(2009). Diet-Induced Renal Changes in Zucker Rats Are Ameliorated by the Superoxide
Dismutase Mimetic TEMPOL. Obesity (Silver Spring) 17, 1994-2002.
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Figure 5.

Mean + SEM values from rat studies of the two kidney, one clip (2K,1C) model of Goldblatt
hypertension. Rats were studied after 3 weeks (Panel A-C) or 10 weeks (Panel D) of sham
operation (open boxes) or 2K,1C hypertension and given a vehicle (grey boxes), the
angiotensin receptor blocker candesartan (10 mg - kg™! - day™! x 14 days; solid boxes),
tempol (200 nmol - kgt - min! sc x 14 days; cross-hatched boxes). Compared to 2K,1C +
vehicle: *, p<0.05; **, p<0.01.

Panel A to C, data drawn from Welch, W. J., Mendonca, M., Aslam, S., & Wilcox, C. S.
(2003). Roles of oxidative stress and AT receptors in renal hemodynamics and oxygenation
in the post-clipped 2K,1C kidney. Hypertens 41, 692-696.

Panel D, data drawn from Castro, M. M., Rizzi, E., Rodrigues, G. J., Ceron, C. S.,
Bendhack, L. M., Gerlach, R. F., et al. (2009). Antioxidant treatment reduces matrix
metalloproteinase-2-induced vascular changes in renovascular hypertension. Free Radic Biol
Med 46, 1298-1307.
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Figure 6.

Mean + SEM values in salt-loaded spontaneously hypertensive rats with leptin receptor
deficiency as a model of the metabolic syndrome. Rats were given normal salt diet (open
bars), high salt diet (8% salt: grey bars) or high salt diet and oral tempol (1 mmol - I'1) for
four weeks (solid bars). There were no significant differences for the variables shown
between the normal salt and the high salt plus tempol groups.

Data drawn from Matsui, H., Ando, K., Kawarazaki, H., Nagae, A., Fujita, M., Shimosawa,
T., et al. (2008). Salt excess causes left ventricular diastolic dysfunction in rats with
metabolic disorder. Hypertens 52, 287-294.
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