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Abstract
We investigated the effect of treatment with an aldose reductase inhibitor, insulin or select
neurotrophic factors on the generation of oxidative damage in peripheral nerve. Rats were either
treated with streptozotocin (STZ) to induce insulin-deficient diabetes or fed with a diet containing
40% D-galactose to promote hexose metabolism by aldose reductase. Initial time-course studies
showed that lipid peroxidation and DNA oxidation were significantly elevated in sciatic nerve after
1 week or 2 weeks of STZ-induced diabetes, respectively, and that both remained elevated after 12
weeks of diabetes. The increase in nerve lipid peroxidation was completely prevented or reversed
by treatment with the aldose reductase inhibitor, ICI 222155, or by insulin, but not by the neurotrophic
factors, prosaptide TX14(A) or neurotrophin-3. The increase in nerve DNA oxidation was
significantly prevented by insulin treatment. In contrast, up to 16 weeks of galactose feeding did not
alter nerve lipid peroxidation or protein oxidation, despite evidence of ongoing nerve conduction
deficits. These observations demonstrate that nerve oxidative damage develops early after the onset
of insulin-deficient diabetes and that it is not induced by increased hexose metabolism by aldose
reductase per se, but rather is a downstream consequence of flux through this enzyme. Furthermore,
the beneficial effect of prosaptide TX14(A) and neurotrophin-3 on nerve function and structure in
diabetic rats are not due to amelioration of increased lipid peroxidation.

1. Introduction
Neuropathy is one of the most frequent complications of diabetes mellitus, affecting up to half
of those with this disease. Loss of sensation, when combined with microvascular disease and
impaired wound healing, results in a pathologic cascade that makes diabetes mellitus the
leading cause of lower limb amputation in western societies [1] and a significant economic
burden for public health systems. Neurological complications include nerve conduction
slowing, resistance to ischemic conduction block and altered sensory perception that often
begin early in the disease, while pathologic changes to unmyelinated and myelinated nerve
fibers as well as other components of the endoneurial microenvironment become evident later
(reviewed in [2]). Although elevated blood glucose levels have been identified as a primary
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metabolic disturbance underlying diabetic neuropathy (reviewed in [3]), the interrelationships
between downstream consequences of hyperglycemia and their role in nerve damage remain
unresolved.

The initial downstream metabolic consequences of hyperglycemia include non-enzymatic
glycosylation of proteins that ultimately form advanced glycosylation end products, and
increased glucose metabolism by hexokinase as well as by aldose reductase, the first enzyme
of the polyol pathway. The contribution of exaggerated polyol pathway flux to nerve damage
has been emphasized by specific inhibitors of aldose reductase (ARIs) that ameliorate early
hyperglycemia-induced functional and structural nerve disorders (reviewed in [4]). Recent
work has implicated oxidative stress as a potential downstream consequence of glucose
metabolism by aldose reductase, and anti-oxidants prevent or reverse a range of functional and
biochemical nerve defects that are also amenable to ARI treatment (reviewed in [5]). However,
the precise mechanisms by which increased polyol pathway flux generates oxidative damage
remains under investigation. One potential mechanism is depletion of the co-factor NADPH,
which is necessary for the activity of both aldose and glutathione reductases, so that too much
substrate-driven glucose metabolism by aldose reductase may deplete nerve NADPH levels
and impede regeneration of reduced glutathione (GSH), a prominent component of anti-oxidant
defense systems in nerve [6]. Reports that nerve GSH levels are reduced in diabetic rats and
can be corrected by treatment with an ARI [7] support this contention. However, other
consequences of increased flux through the polyol pathway downstream of aldose reductase
activity may also prompt nerve GSH depletion and oxidative stress, and a number of
mechanisms by which diabetes produces oxidative damage to the nerve have been suggested
(reviewed in [8]).

In the present study, we investigated the specific contribution of the first step of the polyol
pathway, hexose metabolism by aldose reductase, to the generation of oxidative damage in
peripheral nerve. To do this, we adopted two approaches, the pharmacological inhibition of
aldose reductase in STZ-diabetic rats, which prevents all flux through the polyol pathway, and
galactose intoxication, which promotes excessive galactose metabolism by aldose reductase
and accumulation of the osmotically actitive dulcitol, but no further downstream metabolic
activity. Findings prompted additional studies designed to evaluate whether neurotrophic
factors known to correct nerve dysfunction in diabetic rodents do so by ameliorating oxidative
damage.

2. Material and Methods
2.1. Animals

All studies were performed using adult female Sprague-Dawley rats (Harlan Industries, San
Diego CA, USA). Animals were housed 2–3 per cage with free access to food and water and
maintained in a vivarium approved by the American Association for the Accreditation of
Laboratory Animal Care. These studies were carried out according to protocols approved by
the Institutional Animal Care and Use Committee of the University of California, San Diego.
Biochemical and physiologic parameters of rats that supplied nerve for some of the studies
presented below have already been reported and, where such archival material has been used,
the pertinent citation is provided.

2.2. Induction of diabetes
Two different models of experimental diabetes, streptozotocin (STZ)-induced diabetes and
galactose feeding, were used. Insulin-deficient diabetes was induced following an overnight
fast by a single intra-peritoneal injection of STZ (50 mg/kg; Sigma) dissolved in 0.9% sterile
saline. Non-fasting blood sugar levels of 15 mM or above were used to define diabetes.
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Experimental galactosemia was induced by feeding a diet containing 40% D-galactose by
weight and supplemented with 100% of the micronutrients required by rats (Purina, Richmond,
IN).

2.3. Drugs
STZ was purchased from Sigma (St. Louis, MO, USA). Prosaptide TX14 (A), a 14 amino acid
peptide fragment (TXLIDNNATEEILY, where X=D-alanine) from the neurotrophic region of
saposin C, was a gift from Myelos (San Diego, CA, USA) and was dissolved in phosphate-
buffered saline. Human recombinant neurotrophin-3 (NT-3) was obtained from Amgen
(Thousand Oaks, CA) and the ARI, ICI 22155, was a gift from Dr. D. Mirrlees of Zeneca
Pharmaceuticals (Macclesfield, UK).

2.4. Experimental protocols
In initial time course studies, STZ-diabetic rats were maintained for up to 12 weeks, while
galactose-fed rats were maintained on the 40% galactose diet for up to 16 weeks before tissue
collection. Using a strip operated reflectance meter (OneTouch Ultra, Lifescan, Inc., Milpitas,
CA, USA), hyperglycemia was confirmed in a blood sample obtained by tail prick 3 days after
STZ injection and also in another sample obtained immediately prior to sacrifice. Efficacy of
the galactose-feeding regimen at inducing peripheral nerve disorders was confirmed by
measuring motor and sensory conduction velocity (MNCV and SNCV) in the sciatic nerve
immediately prior to sacrifice and tissue collection. Nerve conduction was measured under
isoflurane anesthesia in the sciatic nerve using single square wave stimuli (10 V, 0.05ms)
delivered via stimulating electrodes placed at the sciatic notch and Achilles tendon, and with
the resulting M and H waves captured to a digital oscilloscope via recording electrodes placed
in the interosseous muscles of the ipsilateral hind paw (see [9] for details).

2.4.1. ARI and insulin—Two different treatment protocols were used to study the effects
of aldose reductase inhibition or insulin on nerve lipid peroxidation. In the prevention study,
treatment with the ARI, ICI 222155 (20 mg/kg, six days a week by oral gavage), or insulin
was initiated after confirmation of hyperglycemia and was continued for 4 weeks. Insulin
treatment in diabetic rats was carried out using slow-dissolving pellets that deliver
approximately 2–4 units of insulin per day (Linshin, Scarborough, Ontario, Canada). Pellets
were implanted under the skin and glucose levels were checked weekly in blood samples
obtained by tail prick. Implants were replaced when blood sugar levels increased to above 15
mM, a value widely used to define the presence of hyperglycemia in STZ-injected rats. In the
reversal study, the same treatment regimens were maintained but they were initiated after 4
weeks of untreated diabetes. In both studies, rats were killed and sciatic nerves were removed
after 4 weeks of treatment and stored as described below. The efficacy of ARI and insulin
treatment in reducing flux through the polyol pathway was confirmed by measuring sciatic
nerve sugar and polyol content by gas chromatography [11].

2.4.2. Neurotrophic factors—Treatment with TX14(A) (1 mg/kg in 250 µl of phosphate-
buffered saline thrice weekly by subcutaneous injection) was initiated after confirmation of
STZ-induced hyperglycemia and continued for 16 weeks. Treatment with human recombinant
NT-3 (1 mg/kg in 250 µl of phosphate-buffered saline thrice weekly by subcutaneous injection)
was initiated 2 months after confirmation of STZ-induced diabetes and continued for an
additional month. Efficacy of these treatment regimes against a range of nerve disorders in
STZ-diabetic rats has already been reported [9,12] and the material used in the present study
was derived from the same animals after archiving at −70°C.
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2.5. Tissue extraction and homogenization
At the end of each study, rats were anesthetized and killed by decapitation. Sciatic nerves were
then quickly removed, immediately frozen in liquid nitrogen and stored at −70°C until used.
For analysis, sciatic nerve segments (~ 2 cm) were weighed and homogenized in 400 µl of PBS
buffer (pH 7.4), containing 5 mM butylated hydroxytoluene (Sigma-Aldrich) and 0.4%
protease inhibitor cocktail (Sigma-Aldrich). The samples were centrifuged at 10,000g for 15
minutes at 4°C and the supernatants were collected for assay of protein concentration (BCA™
Protein Assay Kit; Pierce, Rockford, IL, USA), lipid peroxidation and protein oxidation (see
below).

2.6. Lipid peroxidation: malondialdehyde (MDA) plus 4-hydroxyalkenal (HAE) assay
Measurement of total MDA+HAE levels was performed using a commercial kit (LPO-586
assay, Oxis International Inc., CA, USA). The method is based on the reaction of the
chromogenic reagent, N-methyl-2-phenylindole, with MDA and HAE at 45°C [13]. Two
hundred microliters of homogenate were used for measurements of total MDA+HAE,
according to the manufacturer’s instructions. The absorbance of chromogenic product was
measured at 586 nm with a Uvikon 930 spectrophotometer (Kontron Instruments, USA) and
compared to the absorbance in corresponding MDA standards. The total MDA+HAE
concentration was expressed as µmoles per mg protein.

2.7. Protein oxidation: 2, 4 dinitrophenylhydrazone (DNP)-derivatized protein assay
The levels of oxidatively modified proteins were measured by immunoblotting, using an assay
kit (Chemicon International Inc., CA, USA; OxyBlot™ Protein Oxidation Detection assay).
The kit provides reagents for sensitive immunodetection of the carbonyl groups introduced
into protein side chains by oxidative stress. Briefly, sciatic nerve homogenates were pre-
incubated with 2,4 dinitrophenylhydrazine (DNPH) or derivatization-control solution. The
carbonyl groups in the protein side chains were derivatized to DNP by reaction with DNPH.
Derivatized-protein samples were directly dot-blotted onto a membrane that was incubated
with specific primary antibody to the DNP moiety of the proteins (1:150) for 1 hour at room
temperature, followed by incubation with peroxidase-linked goat anti-rabbit IgG antibody
(1:300) for 45 min at room temperature. Chemiluminescence was developed with extended-
duration substrate (Lumi-Light Western Blotting, Roche, Indianapolis, IN, USA) and detected
using a Hyperfilm-ECL (Amersham Biosciences, Piscataway, NJ, USA). Intensities of dots
were determined using Quantity One® software developed by Bio-Rad. Data were expressed
as the ratio of DNP-derivatized protein intensity to actin intensity. Actin intensity was
quantified after pre-incubation of membranes with Restore™ Western Blot Stripping Buffer
(Pierce, Rockford, IL, USA) for 15 minutes at room temperature. Following this step,
membranes were incubated with mouse monoclonal anti-actin antibody (1:2000; Sigma-
Aldrich) for 1 hour and then with a peroxidase-linked goat anti-mouse IgG antibody (1:10000)
for 45 minutes. Chemiluminescence and dot intensity were determined as described above.

2.8. DNA oxidation: 8-OH-dG EIA assay
The amount of 8-OH-dG in sciatic nerves from control and STZ-diabetic rats was determined
using the Bioxytech 8-OHdG assay kit, a competitive enzyme-linked immunosorbent assay
(OXIS Health Products Portland, OR, USA). Sciatic nerve DNA was isolated using a DNeasy®
Tissue kit (Quiagen, MD, USA), according to the manufacturer’s instructions. After measuring
the concentration of DNA in the samples by their absorbance at 260 nm, 100 µl of extracted
DNA samples was resuspended in 135 µL of ddH2O, 15 µL of 200 mM ammonium acetate
(pH 5.3), 15 µL of 5 mM of ZnSO4 and 6 units of nuclease P1. Samples were mixed, incubated
for 30 min at 37 °C with an argon overlay and then 15 µL of 1M of TRIS- HCl (pH 8.5), 15
µL of 5 mM EDTA and 2 units of alkaline phosphatase were added. After mixing, samples
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were first incubated for 30 min at 37 °C with an argon overlay and then purified using Millipore
Ultra-free MC PLGC Centrifugal Filter Units. Finally, DNA-digested samples were added to
the microtiter plate pre-coated with 8-OHdG, and the assay was performed according to the
manufacturer’s instructions. Results were expressed as ng 8-OH-dG per µg total DNA.

2.9. Statistical analysis
The two-tailed, unpaired t-test was used in studies involving two groups. Differences between
three or more groups were tested using one-way ANOVA, after which multiple comparisons
were made using the Dunnett’s or Bonferroni’s post-hoc tests. Data are reported as group mean
± SEM.

3. Results
3.1. Lipid peroxidation and DNA oxidation, but not protein oxidation, were increased in
nerves from STZ-diabetic rats

All STZ-diabetic rats had blood sugar levels above the 15 mM lower limit and most were above
the upper detection limit (33.3 mM) for the glucose analyzer, whereas all control rats had blood
sugar levels less than 15 mM (data not shown). After 12 weeks of STZ-induced diabetes, sciatic
nerve had significantly higher MDA+HAE (Figure 1) and 8-OH-dG (Figure 2) levels compared
to nerve from control rats, indicating increased nerve lipid peroxidation and DNA oxidation,
respectively. However, the ratio of DNP-derivatized protein per unit of actin in sciatic nerve
was not significantly different between age-matched control and STZ-diabetic rats (control:
0.667 ± 0.088, N = 11; diabetic: 0.550 ± 0.095; mean ± SEM, N = 9 per group), suggesting
that nerve protein oxidation is not increased after this duration of diabetes.

To determine the stability of tissue stored at −70°C, lipid peroxidation levels were measured
in sciatic nerves from non-diabetic rats stored for 2 weeks and 10 years. MDA+HAE levels in
these nerves were virtually identical (2 weeks: 0.223 ± 0.027 µmoles/mg protein, mean ± SEM,
N = 11; 10 years: 0.218 ± 0.022, N = 8), indicating long-term stability under our storage
conditions.

3.2. Galactose feeding did not increase nerve lipid peroxidation or protein oxidation
After 8 or 16 weeks on a diet containing 40% D-galactose, body weight of galactose-fed rats
was significantly reduced compared to that of control rats (8 weeks: 279 ± 6 g versus 251 ± 5
g, control versus galactose-fed, respectively, mean ± SEM, N = 8–11 per group, p<0.05,
unpaired t-test; see [9] for 16 week data). Eight or 16 weeks of galactose feeding impaired
nerve function, as indicated by significantly reduced MNCV (8 weeks: 67.1 ± 3.6 m/s versus
55.4 ± 2.3 m/s, control versus galactose-fed, respectively, p<0.05; see [9] for 16 week data)
and SNCV (8 week: 55.3 ± 2.1 m/s versus 45.8 ± 1.1 m/s, control versus galactose-fed,
respectively, p<0.05; see [9] for 16 week data). Sciatic nerve levels of MDA+HAE in galactose-
fed rats were not significantly different from those in age-matched controls at either time point
(Table 1). DNP-derivatized proteins from sciatic nerve of galactose-fed rats were also not
significantly different from those in control rats after 8 or 16 weeks of galactose feeding (Table
1). These data suggest that galactose feeding, unlike STZ-induced diabetes, does not induce
either lipid peroxidation or protein oxidation.

3.3. Increased lipid peroxidation and DNA oxidation in nerve was apparent after as little as
1 or 2 weeks of diabetes, respectively

After observing increased nerve lipid peroxidation and DNA oxidation resulting from 12 weeks
of diabetes, we evaluated the levels of MDA+HAE and 8-OH-dG in sciatic nerves from rats
with diabetes of different durations and with blood sugar concentration > 15 mM at onset and
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sacrifice. Levels of MDA+HAE were already significantly elevated in sciatic nerve after 1
week of STZ-induced diabetes and remained elevated at all subsequent time points evaluated
(Figure 1). Levels of 8-OH-dG were also significantly elevated in sciatic nerve after 2 weeks
and remained elevated after 6 or 12 weeks of STZ-induced diabetes (Figure 2).

3.4. ARI or insulin treatment prevented and/or reversed diabetes-induced increases of lipid
peroxidation and DNA oxidation in sciatic nerves

To further study the impact of flux through aldose reductase and hyperglycemia on the
induction and maintenance of diabetes-induced increases in nerve oxidative stress, two
different experiments were conducted. In the prevention study, treatment with the ARI, ICI
222155, or insulin were initiated after confirmation of hyperglycemia and continued for 4
weeks. In the reversal study, the same doses and regimen were used but treatments were
initiated after 4 weeks of untreated diabetes and continued for a further 4 weeks. In both studies,
ARI treatment prevented or reversed accumulation of the polyol-pathway products, sorbitol
and fructose, without affecting nerve glucose levels (see Table 2 for the reversal study and
[14] for the prevention study), while insulin treatment prevented or reversed accumulation of
glucose, sorbitol and fructose in the sciatic nerve of diabetic rats. MDA+HAE levels in sciatic
nerves from control rats treated with ICI 222155 did not differ from levels found in untreated
control rats (Figure 3A and B). MDA+HAE levels in sciatic nerves from STZ-diabetic rats
were significantly higher than those obtained from control rats when sciatic nerves were
removed after 4 (Figure 3A) or 8 weeks (Figure 3B) of diabetes. Treatment with ICI 222155
or insulin significantly prevented (Figure 3A) and reversed (Figure 3B) the diabetes-induced
increase of nerve lipid peroxidation. The levels of MDA+HAE in nerves from diabetic rats
treated with ICI 222155 or with insulin were not different from those obtained from control
rats (Figure 3A and B).

With regard to DNA oxidation, treatment with insulin (initiated after confirmation of
hyperglycemia and continued for 4 weeks) significantly prevented the diabetes-induced
increase of sciatic nerve 8-OH-dG levels (Figure 4), suggesting that nerve DNA oxidation was
caused by the diabetic state rather than a direct toxic effect of STZ.

3.5. Treatment with select neurotrophic factors failed to prevent or reverse the diabetes-
induced increase of lipid peroxidation in sciatic nerves

Previous studies have established that nerve disorders in STZ-diabetic rats can be prevented
and reversed by treatment with select neurotrophic factors. In order to determine whether this
neuroprotection includes amelioration of oxidative stress, we evaluated the MDA+HAE levels
in sciatic nerves from STZ-diabetic rats in which nerve function was restored by treatment with
either prosaptide TX14(A) or NT-3 [9,12]. MDA+HAE levels in sciatic nerves from untreated
diabetic rats were significantly higher when compared to those obtained from control rats, but
treatment with prosaptide TX14(A) or NT-3 neither prevented (Figure 5A) nor reversed (Figure
5B) the diabetes-induced increase of nerve lipid peroxidation.

4. Discussion
In diabetes mellitus, oxidative stress is correlated with the development of complications in
both type 1 and type 2 diabetic patients ([5] and references therein), with a decrease in anti-
oxidant potential as well as increased lipid peroxidation and DNA oxidation accompanying
disease progression. Numerous experimental studies have documented hyperglycemia-
induced oxidative stress in peripheral nerve, dorsal root and sympathetic ganglia, and
endothelial cells of rodent models of diabetes (comprehensively reviewed in [8]). A role for
oxidative stress in the pathogenesis of diabetic neuropathy is further supported by experimental
and clinical studies where various anti-oxidants, including glutathione and a precursor for
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glutathione biosynthesis [15,16], lipid soluble anti-oxidants [17,18], metal chelators [16,19,
20], α-lipoic acid [21–24], and acetyl-L-carnitine [25–28], have been shown to ameliorate
biochemical and functional nerve disorders. Despite widespread acceptance of oxidative stress
having a role in the pathogenesis of diabetic neuropathy, the precise mechanisms involved
remain unresolved.

Oxidative stress in diabetic nerve has generally been assessed by measuring just the
accumulation of MDA and HAE lipid adducts, with lipid peroxidation reported as early as 3
weeks of STZ-induced diabetes [29]. In the present study, we confirmed the increased lipid
peroxidation in nerve from diabetic rats from week 1 of hyperglycemia onwards and extended
this finding to include a parallel increase in DNA oxidation. The lipid content of nerve is likely
dominated by myelin lipids and oxidative damage to myelin may plausibly contribute to nerve
disorders in diabetic polyneuropathy. The DNA within a nerve trunk derives from Schwann
cells, endothelial cells, perineurial cells and assorted stromal cells, as well as from mitochondria
within all cell types. The extent to which oxidative damage to DNA can alter protein expression
has not yet been widely explored, but all of these cell types show some dysfunction during
diabetes. Damage to mitochondrial DNA also has the potential to impact many aspects of nerve
metabolism and function [30], and there is emerging evidence that mitochondrial dysfunction
is an early pathogenic event in diabetic neuropathy [31–33]. Interestingly, increases in DNP-
derivatized proteins, a marker for protein oxidation, were not evident at this time or even after
1 year of diabetes (Cunha, unpublished observations). Although this might reflect a faster
turnover of damaged cellular proteins relative to lipids or DNA, certain nerve proteins such as
collagen are long-lived [34] and presumably subject to oxidative modification. Given similar
results after both 3 months and 1 year, it is not likely that the absence of increased DNP-
derivatized proteins in nerves from STZ-diabetic rats is dependent on the duration of diabetes.
The lack of increased protein oxidation might be marker-dependent, and it remains to be seen
whether other markers of oxidative or nitrosative stress yield similar results.

Increased lipid peroxidation and DNA oxidation in peripheral nerve was established after as
little as 1 or 2 weeks of diabetes, respectively, and remained relatively constant for many
months. The efficacy of insulin treatment indicates that the both lipid peroxidation and DNA
oxidation are not a direct consequence of any oxidative damage directly associated with STZ,
and that lipid peroxidation is reversible. The rapid onset of lipid peroxidation and DNA
oxidation makes them a candidate for exerting an early role in the pathogenic cascade leading
to nerve dysfunction, as it precedes functional and structural disorders reported in the nerve of
diabetic rats, such as conduction slowing and reduced axonal caliber [35,36]. Other early
changes seen in the nerve of diabetic rats after onset of hyperglycemia include accumulation
of polyol pathway products and reduced blood flow [37,38], and there is considerable debate
regarding putative associations between these disorders (see [8] and references therein).

ARI treatment prevents reduced nerve blood flow in diabetic rats, so that nerve ischemia
appears secondary to flux through the polyol pathway [10,39]. Because nerve lipid peroxidation
is completely prevented and reversed by aldose reductase inhibition, the consumption of
glucose by the polyol pathway likely precipitates hyperglycemic-induced oxidative stress and
suggests that oxidative stress derived from other polyol-pathway-independent sources
contributes negligibly to the measured increase in lipid peroxidation seen in the nerve of
diabetic rats. One possible explanation for the beneficial effect of ARIs in this study could be
due to the fact that inhibition of aldose reductase prevents activation of protein kinase C (PKC),
one of the proteins associated with the diabetes-induced increase in oxidative stress (reviewed
by Srivastava et al., 2005). Similar efficacy has been reported with structurally dissimilar ARIs
[7,25], indicating that the effect is unlikely to be a drug property independent of inhibition of
aldose reductase. Thus, exaggerated flux through the polyol pathway is an early initiating event
that promotes many subsequent pathogenic mechanisms in peripheral nerve.
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The sensitivity of hyperglycemia-induced lipid peroxidation to ARIs points to processes
associated with flux through aldose reductase as the source of this oxidative stress, including
GSH depletion promoted by NADPH deficiency, polyol-induced osmotic stress or downstream
consequences of flux through aldose reductase, such as non-enzymatic glycation and
glycoxidation resulting from fructose production. While the exact mechanism behind the
sensitivity of lipid peroxidation to aldose reductase inhibition is not yet clear [8], our
measurements of lipid peroxidation in rats fed diets containing 40% D-galactose provide
insight as to which part of the polyol pathway is involved. Because dulcitol, the product of
galactose metabolism by aldose reductase, is not subsequently metabolized by sorbitol
dehydrogenase, the absence of increased levels of lipid adducts in nerve from galactose-fed
rats suggests that hyperglycemia-induced increased lipid peroxidation results from
downstream consequences of flux through aldose reductase and not an imbalance in the
NADPH:NADP+ ratio or polyol accumulation per se. Galactose-fed rats develop nerve
disorders similar to those seen in STZ-diabetic rats and patients with diabetic neuropathy,
including nerve conduction slowing, hyperalgesia, and Schwann cell damage, which are all
prevented by ARI treatment [40–42]. Our present data suggests that lipid peroxidation does
not contribute to these disorders in galactose-fed rats, and that increased flux through aldose
reductase can generate nerve damage independent of oxidative stress mechanisms.

Expression of neurotrophic factors and their receptors is altered in the dorsal root ganglia,
nerve, muscle and other tissues of animals with experimental diabetes [43–45], suggesting a
role for impaired neurotrophic support in the pathogenesis of diabetic neuropathy. While
treatment with a variety of neurotrophic factors has been shown to ameliorate diabetes-induced
functional and structural nerve defects [12,46,47], whether ameliorating oxidative stress is part
of the protective mechanism has not been directly addressed. This possibility is suggested by
reports that growth factor treatment protects mitochondrial function and may prevent excess
free radical production by mitochondria [31,32,48,49]. However, treatment with either the
prosaposin-derived neurotrophic peptide, TX14(A), or the neurotrophin, NT-3, both of which
prevented and reversed nerve conduction deficits in STZ-induced diabetes [9,12], did not have
an impact on nerve lipid peroxidation levels. Our findings suggest that the efficacy of TX14
(A) and NT-3 against disorders of nerve function and structure in diabetic rats is not dependent
on reducing nerve lipid peroxidation, and that nerve conduction can be restored to normal even
in the face of increased lipid peroxidation. Whether neurotrophic factors intercede in
pathogenic cascades downstream of lipid peroxidation or act entirely independently of
oxidative stress pathways remains to be determined.

In summary, lipid and DNA, but not protein, adducts are increased in sciatic nerve of STZ-
diabetic rats. Nerve lipid peroxidation and DNA oxidation are present after little as 1 and 2
weeks of diabetes, respectively, prior to the development of many of the functional and
structural defects that characterize experimental diabetic neuropathy. Since both increased lipid
peroxidation and DNA oxidation were prevented by insulin, oxidative stress in experimental
diabetes is induced by hyperglycemia and is not a toxic effect of STZ. Because accumulation
of lipid adducts is sensitive to aldose reductase inhibition in nerves from STZ-diabetic rats and
is not present in nerves from galactose-fed rats, lipid peroxidation is likely a downstream
consequence of flux through aldose reductase. Finally, the efficacy of TX14(A) and NT-3 at
preventing or reversing STZ-induced nerve conduction deficits is not dependent on
ameliorating increased lipid peroxidation.
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Figure 1. Time course of increased lipid peroxidation in nerves from STZ-diabetic rats
Levels of MDA+HAE were measured in sciatic nerves from age-matched control and diabetic
rats after varying durations of diabetes. Data are presented as mean ± SEM (N = 5–9 per group)
and were analyzed by two-tailed, unpaired-t test. * = p<0.05, ** = p<0.01 and *** = p<0.001
versus appropriate control.
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Figure 2. Time course of increased DNA oxidation in nerves from STZ-diabetic rats
Levels of 8-OH-dG were evaluated in sciatic nerves from age-matched control and diabetic
rats after varying durations of diabetes. Data are presented as mean ± SEM (N = 5–7 per group)
and were analyzed by two-tailed, unpaired-t test. * = p<0.05 versus appropriate control.
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Figure 3. Treatment with the ARI, ICI 222155, or insulin completely prevented and reversed the
diabetes-induced increase in nerve lipid peroxidation
Levels of MDA+HAE were measured in sciatic nerves from age-matched control rats (C); ICI
222155-treated control rats (C+ARI; 20 mg/kg), STZ-diabetic rats (D); ICI 222155-treated
STZ-diabetic rats (D+ARI; 20 mg/kg) and in insulin-treated STZ-diabetic rats (D+I).
Treatments with ICI 222155 or insulin were initiated at the onset of hyperglycemia and
continued for 4 weeks (A) or were initiated after 4 weeks of untreated diabetes and continued
for 4 weeks (B). Data are presented as mean ± SEM (N = 7–10 per group) and were analyzed
by one-way ANOVA, after which multiple comparisons were made with the Bonferroni test.
*** = p<0.001 versus untreated control rats and ### = p<0.001 versus untreated diabetic rats.
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Figure 4. Treatment with insulin significantly prevented the diabetes-induced increase in nerve
DNA oxidation
Levels of 8-OH-dG were evaluated in sciatic nerves from age-matched control rats (C); STZ-
diabetic rats (D) and in insulin-treated STZ-diabetic rats (D+I). Treatments with insulin were
initiated at the onset of hyperglycemia and continued for 4 weeks. Data are presented as mean
± SEM (N = 5 per group) and were analyzed by one-way ANOVA, after which multiple
comparisons were made with the Bonferroni test. * = p<0.05 versus untreated control rats
and # = p<0.05 versus untreated diabetic rats.
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Figure 5. Treatment with neurotrophic factors did not alter the diabetes-induced increase in nerve
lipid peroxidation
(A) Levels of MDA+HAE were measured in sciatic nerves from age-matched control rats (C);
control rats treated with TX14(A) (C+Tx, 1 mg/kg, thrice weekly), STZ-diabetic rats (D); or
STZ-diabetic rats treated with TX-14 (D+Tx, 1 mg/kg, thrice weekly). The duration of diabetes
and treatment was 16 weeks. (B) Levels of MDA+HAE in sciatic nerves from age-matched
control rats (C); STZ-diabetic rats (D); and STZ-diabetic rats treated with NT-3 (D+NT3; 1
mg/kg, thrice weekly). Treatment with NT-3 was initiated after 2 months of untreated diabetes
and was continued for one additional month. Data are presented as mean ± SEM (N = 5–9 per
group) and were analyzed by one-way ANOVA, after which multiple comparisons were made
with the Bonferroni test. ** = p<0.01 and *** = p<0.001 versus control.
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Table 1
Lipid peroxidation and protein oxidation in sciatic nerves from control and galactose-fed rats.

MDA + HAE (µmoles/ mg protein) DNP-derivatized protein/actin ratio

8 weeks 16 weeks 8 weeks 16 weeks

Control 0.155 ± 0.017 0.169 ± 0.015 0.395 ± 0.023 0.604 ± 0.082
Galactose 0.195 ± 0.019 0.183 ± 0.019 0.349 ± 0.028 0.658 ± 0.174

Data are mean ± SEM (N = 7–11 per group) and were analyzed with unpaired, two-tailed t-tests. Differences are not significant.
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