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Abstract

In this study, we sought to determine the efficacy of tempol on multiple neuropathic endpoints in a
diet-induced obese mouse, a model of pre-diabetes, and a high-fat fed low-dose streptozotocin
treated mouse, a model of type 2 diabetes. Tempol (4-hydroxy-2,2,6,6-tetramethylpiperdine-1-
oxyl) is a low molecular weight, water soluble, membrane permeable, and metal-independent
superoxide dismutase mimetic that has been widely used in cellular studies for the removal of
intracellular and extracellular superoxide. This /n vivo study was designed to be an early
intervention. Fourteen weeks post-high-fat diet (6 weeks post-hyperglycemia) control, obese, and
diabetic mice were divided into no treatment and treatment groups. The treated mice received
tempol by gavage (150 mg/kg in water), while the untreated mice received vehicle. The diet-
induced obese and the diabetic mice were maintained on the high-fat diet for the duration of the
study, while the control group was maintained on the standard diet. Obesity and diabetes caused
slowing of motor and sensory nerve conduction, reduction in intraepidermal nerve fiber density,
thermal hypoalgesia, and mechanical allodynia. Treatment with tempol partially or completely
protected obese and diabetic mice from these deficits. These studies suggest that tempol or other
effective scavengers of reactive oxygen species may be a viable option for treating neural
complications associated with obesity or type 2 diabetes.
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Introduction

Increased oxidative stress has been implicated in the pathology of a variety of metabolic
disorders and diseases including obesity and diabetic vascular and neural complications [1-
3]. Oxidative stress is a condition resulting from an imbalance between the generation of
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reactive oxygen species (ROS) and the ability of antioxidant mechanisms to neutralize these
compounds. Therefore, increased oxidative stress is the consequence of enhanced ROS
production and/or attenuated ROS scavenging capacity, resulting in tissue damage [4]. The
most common forms of ROS are superoxide ( O), hydrogen peroxide (H,0,), hydroxyl
radical (OH™), and peroxynitrite (ONOO™) [5]. A number of non-enzymatic and enzymatic
sources of ROS production particularly O, located throughout the cell, including the
plasma membrane, cytosol, mitochondria, and peroxisomes, have been identified in obesity
and diabetes [5-7].

Because of limitations associated with enzyme therapies, superoxide dismutase mimetics
have been developed to treat diseases mediated by O radicals [8-11]. Previously, we
demonstrated that treating diabetic rats with M40403, a superoxide dismutase mimetic,
inhibited the generation of superoxide by aorta and epineurial vessels of the sciatic nerve,
the formation of peroxynitrite by epineurial vessels of the sciatic nerve, the reduction in
endoneurial blood flow, the slowing of motor nerve conduction velocity, and impairment of
endothelium-dependent vasodilation of arterioles that provide circulation to the sciatic nerve
[12]. Another superoxide dismutase mimetic that has demonstrated promising results on
diabetic complication is 4-hydroxy-2,2,6,6-tetramethylpiperdine-1-oxyl (tempol). Tempol is
a low molecular weight, water soluble, membrane permeable, and metal independent
superoxide dismutase mimetic that has been widely used for the removal of intracellular and
extracellular O [6]. Tempol does not scavenge H,O, but can prevent H,Op-mediated injury
by reducing the intracellular concentrations of Fe2* and hence the formation of hydroxyl
radicals [13]. In animal studies of obese and diabetic rodents, tempol has been shown to
improve insulin sensitivity, erectile dysfunction, endothelial dysfunction, renal changes, and
early retinal damage [6,13,14-20]. However, no information is available of the effect of
administration of tempol on neuropathy associated with obesity and diabetes. In these
studies, we explored the effect of daily treatment of tempol on neuropathic endpoints in a
mouse model of pre-diabetes (diet-induced obesity) and type 2 diabetes [21].

Unless stated otherwise all chemicals used in these studies were obtained from Sigma
Aldrich Chemical Co. (St. Louis, MO).

C57BI/6 wild-type mice were purchased from Jackson Laboratories. Mice were housed in a
certified animal care facility and food (Harlan Teklad, #7001, Madison, WI) and water were
provided ad libitum. Adequate measures were taken to minimize pain or discomfort and all
of the experiments were conducted in accordance with international standards on animal
welfare and were compliant with all institutional and National Research Council’s
guidelines for use of animals (ACURF protocol 1390201).

For the study, C57BI/6J mice at 12 weeks of age were divided into six groups. After 1 week
on a standard diet (Teklad 7001 (protein 25.2 gm%, carbohydrate 39.5 gm% and fat 4.4 gm
%), Envigo, Madison, WI) four of the groups were fed a 60 kcal% high-fat diet; containing
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protein 26.2 gm%, carbohydrate 26.3 gm% and fat 34.9 gm% (D12492; Research Diets,
New Brunswick, NJ). The other two groups (designated to be the control and control +
tempol groups) remained on the standard diet for the duration of the study period. To create
the type 2 diabetic model, two groups of the high-fat fed mice, after 8 weeks on the high-fat
diet, were treated with 100 mg/kg streptozotocin, i.p. (EMD Chemicals, San Diego, CA)
followed 3 d later if necessary with a second dose of streptozotocin (50 mg/kg). Mice with
blood glucose =13.8 mM (250 mg/dl) 1 week later were considered diabetic. These two
groups (designated to be the diabetic and diabetic + tempol groups) as well as the other two
groups of non-diabetic high-fat fed mice (designated to be the obesity and obesity + tempol
groups) remained on the high-fat diet for the duration of the study period. After an
additional 6 weeks, one group of control mice, high-fat fed (obesity) mice, and diabetic mice
were designated as the treatment groups and were treated with tempol by gavage (150 mg/kg
in water) daily. Untreated mice received vehicle. The treatment phase was 6 weeks.

Behavioral examinations

Thermal nociceptive response in the hindpaw was measured using the Hargreaves method
with instrumentation provided by IITC Life Science; Woodland Hills, CA (model 390G).
The mouse was placed in the observation chamber on top of the thermal testing apparatus
and allowed to acclimate to the warmed glass surface (30 °C) and surroundings for a period
of 15 min. The mobile heat source was maneuvered so that it was under the heel of the
hindpaw and then activated, a process that activates a timer and locally warms the glass
surface, when the mouse withdrew its paw, the timer, and the heat source was turned off
[21]. Following an initial recording, which was discarded, four measurements were made for
each hindpaw, with a rest period of 5 min between each set of measurements. The mean of
the measurements, reported in seconds, was used as a measure of the thermal nociceptive
response latency. Tactile responses were evaluated by quantifying the withdrawal threshold
of the hindpaw in response to stimulation with flexible von Frey filaments as previously
described [22]. The data were reported in grams. Each of these tests was repeated at least
three times with a rest period of 10 min between tests. These tests were performed in a
masked manner and completed immediately before the terminal procedures on different
days.

Motor and sensory nerve conduction velocity

Mice were anesthetized with Nembutal (75 mg/kg, i.p., Abbott Laboratories, North Chicago,
IL). Non-fasting blood glucose levels were determined with the use of glucose oxidase
reagent strips (Lifescan Inc., Milpitas, CA). Afterwards, motor and sensory nerve
conduction velocities were determined as previously described [21]. Motor nerve conduction
velocity (MNCV) was determined noninvasively in the sciatic-posterior tibial conducting
system [21]. Sensory nerve conduction velocity (SNCV) was determined using the digital
nerve to the second toe [21]. The MNCV and SNCV were reported in meters per second.

Skin intraepidermal nerve fiber density

Footpads were fixed in ice-cold Zamboni’s fixative for 3 h, washed in 100 mM phosphate-
buffered saline (PBS) overnight, and then in PBS containing increasing amounts of sucrose
i.e. 10%, 15%, and 20%, 3 h in each solution [23]. After washing, the samples were snap
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frozen in O.C.T. (Sakura Finetek, Torrance, CA) and stored at =80 °C. Three longitudinal 30
um-thick footpad sections were cut using a Reichert-Jung cryocut 1800 (Leica
Microsystems, Nussloch, Germany). Non-specific binding was blocked by 3% goat serum
containing 0.5% porcine gelatin and 0.5% Triton X-100 in SuperBlock blocking buffer
(Thermo Scientific, Rockford, IL) at room temperature for 2 h. The sections were then
incubated overnight with PGP 9.5 antiserum (UltraClone, Isle of Wight, UK) in 1:400
dilution at 4 °C, after which secondary Alexa Fluor 488 conjugated goat anti-rabbit antibody
(Invitrogen, Eugene, OR) in 1:1000 dilution was applied at room temperature for 1 h.
Sections were then coverslipped with VectaShield mounting medium (Vector Laboratories,
Burlingame, CA). Profiles were imaged using a Zeiss LSM710 confocal microscope with a
40x objective and were counted by two individual investigators that were masked to the
sample identity. All immunoreactive profiles within the epidermis were counted and
normalized to epidermal length. Length of the epidermis was determined by drawing a
polyline along the contour of the epidermis and recording its length in mm. The number of
intraepidermal nerve fiber profiles was reported per mm length.

Analyses in liver and serum

Protein bound 3-nitrotyrosine concentration was measured in liver samples by indirect
enzyme-linked immunosorbent assay as described [24] and modified by [25]. Briefly, liver
samples were homogenized in 0.05 M sodium phosphate buffer, pH 9.0, and then
centrifuged to collect the supernatant, which was used for the analysis. Serum was used for
determining levels of free fatty acid, triglyceride and free cholesterol using commercial Kits
from Roche Diagnostics, Mannheim, Germany; Sigma Aldrich Chemical Co., St. Louis,
MO; and BioVision, Mountain View, CA, respectively [24]. Western blot analysis was used
to assess 4-hydroxynonenal adducts in mouse sciatic nerve as previously described [23].
Sciatic nerve segments (~20 mg) were placed on ice in 200 pl of radioimmunoprecipitation
assay buffer (RIPA) containing 50 mM Tris-HCI, pH 7.2, 150 mM NacCl; 0.1% sodium
dodecyl sulfate, 1% NP-40, 5 mM EDTA, 1 mM EGTA, 1% sodium deoxycholate and the
protease/phosphatase inhibitors leupeptin (10 pg/ml), pepstatin (1 pg/ml), aprotinin (20 pg/
ml), benzamidine (10 mM), phenylmethylsulfonyl fluoride (1 mM), sodium orthovanadate
(1 mM), and homogenized. The homogenates were sonicated and centrifuged at 14,000 g for
20 min. All the afore-mentioned steps were performed at 4 °C. The lysates (40 pg protein)
were mixed with equal volumes of 2x sample-loading buffer containing 62.5 mM Tris-HCI,
pH 6.8, 2% sodium dodecy! sulfate, 5% p-mercaptoethanol, 10% glycerol and 0.025%
bromophenol blue, and fractionated in 5-20% SDS-PAGE in an electrophoresis cell (Mini-
Protean I1l; Bio-Rad Laboratories, Richmond, CA). Electrophoresis was conducted at 15
mA constant current for stacking, and at 35 mA for protein separation. Gel contents were
electro-transferred (80 V, 2 h) to nitrocellulose membranes using Mini Trans-Blot cell (Bio-
Rad Laboratories, Richmond, CA) and western transfer buffer (25 mM Tris-HCI, pH 8.3;
192 mM glycine; and 20% (v/v) methanol). Free binding sites were blocked in 3% (w/v)
BSA, all diluted in 20 mM Tris-HCI buffer, pH 7.5, containing 150 mM NaCl and 0.1%
Tween 20, for 1 h. After blocking free binding sites, primary antibody to 4-hydroxynonenal
adducts (EMD Millipore Corp., Billerica, MA) was applied overnight, at 4 °C. Then the
anti-rabbit secondary antibody was applied at room temperature for 1 h. Protein bands
detected by the antibodies were visualized with Amersham ECL™ Western Blotting
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Detection Reagent (Little Chalfont, Buckinghamshire, UK). Afterwards, the membranes
were stripped and re-probed with p-actin antibody to confirm equal protein loading.
Stripping was conducted in 25 mM glycine-HCI, pH 2.5 buffer containing 2% SDS. The
data were quantified by densitometry (Quantity One 4.6.9 software, Bio-Rad Laboratories,
Richmond, CA).

Data analysis

Results

The results are presented as mean = SE. Comparisons between the groups for body weight,
blood glucose, MNCV, SNCYV, and thermal nociception latency were conducted using a one-
way ANOVA and Bonferroni’s test for multiple comparisons (Prism software; GraphPad,
San Diego, CA). A pvalue of less than 0.05 was considered significant.

Data in Table 1 show that all mice at the beginning of the study weighed approximately the
same. After 20 weeks of a high-fat diet the untreated and treated diet-induced obese mice
weighed significantly more than the control mice. The untreated and treated diabetic mice
also weighed significantly more than age-matched control mice but less than the diet-
induced obese mice. Blood glucose levels in diet-induced obese mice were similar compared
with control mice and this was unchanged by treatment. Untreated diabetic mice were
hyperglycemic at the end of the study period compared with control mice (Table 1). Treating
diabetic mice with tempol significantly lowered blood glucose levels compared with
untreated diabetic mice but blood glucose levels in tempol-treated diabetic mice remained
significantly increased compared with control mice and control treated with tempol. Serum
triglyceride and free fatty acid levels in untreated and treated diet-induced obese mice and
diabetic mice were similar to untreated or treated control mice. Serum cholesterol levels
were significantly increased in untreated diet-induced obese mice and diabetic mice
compared with control mice and were unchanged by treatment with tempol. Liver
nitrotyrosine and sciatic nerve 4-hydroxynonenal levels were determined as a measurement
of oxidative stress. Diet-induced obesity and diabetes caused an increase in liver
nitrotyrosine and sciatic nerve 4-hydroxynonenal levels compared with control mice (Table
1). Treating diet-induced obese mice and diabetic mice with tempol resulted in lower liver
nitrotyrosine and sciatic nerve 4-hydroxynonenal levels compared with untreated obese and
diabetic mice, respectively.

Data in Figure 1 demonstrated that treating control mice with tempol had no effect on motor
or sensory nerve conduction velocity. Motor nerve conduction velocity trended to be slower
in diet-induced obese mice but was not significantly different from control mice and this was
unchanged with tempol treatment. However, sensory nerve conduction velocity was
significantly decreased in diet-induced obese mice compared with control mice and was
significantly improved with tempol treatment. In diabetic mice, both motor and sensory
nerve conduction velocities were decreased compared with control mice. Treating diabetic
mice for 6 weeks with tempol following 6 weeks of untreated hyperglycemia completely
prevented the decrease in motor and sensory nerve conduction velocity observed in untreated
diabetic mice (Figure 1). Other common endpoints for diabetic peripheral neuropathy are
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intraepidermal nerve fiber density and mechanical and thermal sensitivity. Data in Figure 2
demonstrate that diet-induced obese mice are hypoalgesic and have significantly decreased
intraepidermal nerve fiber profiles compared to control mice. Treating diet-induced obese
mice with tempol did not improve thermal nociception but did partially improve
intraepidermal nerve fiber density. Untreated diabetic mice have an increased latency to
thermal stimulation and intraepidermal nerve fiber density is significantly decreased
compared to control mice. Treating diabetic mice with tempol significantly partially
improved both these neuropathic endpoints compared with untreated diabetic mice but both
also remained significantly impaired compared to control mice. Mechanical allodynia exists
in both diet-induced obese mice and to a greater extent in diabetic mice compared with
control mice. Treating diabetic mice but not diet-induced obese mice with tempol for 6
weeks significantly corrected mechanical sensitivity compared with untreated obese and
diabetic mice, respectively. However, treating diabetic mice with tempol only improved
mechanical sensitivity partially and this remained significantly impaired compared with
control mice (Figure 3).

Discussion

In a review article by Wilcox and Pearlman, they described tempol to be the most
extensively studied nitroxide and to be broadly effective in detoxifying reactive oxygen
species in cell and animal studies [26]. Tempol has been shown to preserve mitochondria
against oxidative damage and improve tissue oxygenation, improve insulin sensitivity,
vascular reactivity, renal function and erectile dysfunction in rodent models of diabetes,
improve cardiac function and reduce hypertension in high-fat fed models of obesity, and
protect heart and brain from ischemia/reperfusion injury [6,15,16,18-20,27-30]. The
toxicity of tempol in rodents seems limited but, apart from external application, there are no
reports of administration of tempol to humans [27,31].

In the present study, we report that treating a mouse model of type 2 diabetes with tempol
improved or slowed the progression of many neuropathic endpoints of diabetic peripheral
neuropathy [21]. This study may be the first evidence of tempol improving peripheral
neuropathy in an animal model of diabetes. However, tempol treatment of diet-induced
obese mice was only partially effective on these same endpoints. Treating diet-induced obese
mice with tempol improved sensory nerve conduction velocity and partially improved
intraepidermal nerve fiber density but did not improve thermal nociception or mechanical
allodynia. Tempol treatment of both diet-induced obese mice and diabetic mice corrected
markers of oxidative stress in the liver and sciatic nerve. This suggests that mechanisms
other than oxidative stress are contributing to the neuropathology associated with obesity.

It has been previously reported that tempol can improve cognitive dysfunction in diabetic
rats [32]. Other studies have shown that tempol improves cognitive deficits in other disease
states. Tempol was found to protect against cerebral oxidative stress and improve cerebral
circulation and cognitive dysfunction in uremic mice and transgenic mice that overexpress
amyloid beta peptide [33,34]. Tempol also improved mitochondrial and neurobehavioral
deficits in an experimental animal model of Huntington’s disease [35].
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Tempol lowered blood glucose levels in diabetic mice. The blood glucose level after 6 weeks
of untreated hyperglycemia in mice randomized to the tempol treatment group was 408 + 12
and after 6 weeks of treatment with tempol blood glucose levels declined to 343 + 28 (n=
12, p<0.08). Blood glucose in diabetic mice randomized to the no treatment group after 6
weeks of no treatment was 417 + 11 and after 6 more weeks of no treatment increased to
437 £ 28. Tempol has been shown to improve insulin sensitivity in obese Zucker rats and
rats fed a high-fat high-sucrose diet, although there is no evidence in the literature
demonstrating that tempol improves insulin sensitivity in a rodent model of type 2 diabetes
[13,36,37]. The impact of the minor lowering of blood glucose in diabetic mice treated with
tempol on diabetic peripheral neuropathy would likely be minimal. Tempol treatment had
little effect on serum hyper cholesterol in diet-induced obese mice and diabetic mice but did
lower liver nitrotyrosine and sciatic nerve hydroxynonenal levels, an indication of tempol
reducing oxidative stress. In other studies, tempol has also been shown to reduce
nitrotyrosine levels in the kidney and retina of diabetic rats [17,38,39]. Neutralization of
reactive oxygen species is the action of tempol in many biological systems.

Sensory nerve conduction velocity and both motor and sensory nerve conduction velocities
were fully protected in diet-induced obese mice and diabetic mice treated with tempol,
respectively. In previous studies, we have shown that nerve conduction velocity is
significantly decreased at 4 weeks after the onset of hyperglycemia in type 2 diabetic mice
(unpublished observation). Thus, in these studies, treatment with tempol was able to reverse
the slowing of nerve conduction velocity in a mouse modeling type 2 diabetes. In contrast,
our data imply that tempol treatment of type 2 diabetic mice slowed the progression of loss
of intraepidermal nerve fibers and thermal and mechanical deficits. In these mice, loss of
intraepidermal nerve fibers and thermal hypoalgesia occurs after 6-8 weeks of
hyperglycemia [21]. Treatment of diabetic mice after 6 weeks of untreated diabetes
significantly improved these neuropathic endpoints compared with untreated diabetic mice
but they remained significantly impaired compared with control mice after 6 weeks of
treatment. It is possible that a longer duration of treatment or initiating treatment earlier
would have had a greater impact on these endpoints.

In conclusion, our studies provide evidence that tempol, a superoxide dismutase mimetic,
can either reverse or slow progression of neuropathic endpoints associated with obesity and
to a greater extent in a mouse modeling type 2 diabetes.
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Figure 1.

Motor and sensory nerve conduction velocity for control, diet-induced obese, and type 2
diabetic mice treated with or without tempol. Motor and sensory nerve conduction was
determined as described in the Methods section. Data are the mean + S.E.M. The number of
mice in each group was the same as shown in Table 1. (*p < 0.05, compared with control
mice; + p< 0.05, compared with untreated obese or diabetic mice, respectively.)
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Figure 2.

== |ENF (profiles/mm)

Intraepidermal nerve fiber density and thermal nociception for control, diet-induced obese
and type 2 diabetic mice treated with or without tempol. Intraepidermal nerve fiber density
and thermal nociception were determined as described in the Methods section. Data are the
mean + S.E.M. The number of mice in each group was the same as shown in Table 1. (*p <
0.05, compared with control mice; + p < 0.05, compared with untreated obese or diabetic

mice, respectively.)
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Figure 3.
Mechanical sensitivity for control, diet-induced obese, and type 2 diabetic mice treated with

or without tempol. Mechanical sensitivity was determined as described in the Methods
section. Data are the mean + S.E.M. The number of mice in each group was the same as
shown in Table 1. (*p < 0.05, compared with control mice; +p < 0.05, compared with
untreated obese and diabetic mice, respectively.)
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