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Up-regulation of 12/15-lipoxygenase, which converts
arachidonic acid to 12(S)- and 15(S)-hydroxyeicosa-
tetraenoic acids, causes impaired cell signaling, oxi-
dative-nitrosative stress, and inflammation. This study
evaluated the role for 12/15-lipoxygenase in diabetic
large and small fiber peripheral and autonomic neu-
ropathies. Control and streptozotocin-diabetic wild-
type and 12/15-lipoxygenase-deficient mice were main-
tained for 14 to 16 weeks. 12/15-lipoxygenase gene
deficiency did not affect weight gain or blood glucose
concentrations. Diabetic wild-type mice displayed
increased sciatic nerve 12/15-lipoxygenase and 12(S)-
hydroxyeicosatetraenoic acid levels. 12/15-lipoxy-
genase deficiency prevented or alleviated diabetes-
induced thermal hypoalgesia, tactile allodynia, motor
and sensory nerve conduction velocity deficits, and
reduction in tibial nerve myelinated fiber diameter,
but not intraepidermal nerve fiber loss. The frequen-
cies of superior mesenteric-celiac ganglion neuritic
dystrophy, the hallmark of diabetic autonomic neu-
ropathy in mouse prevertebral sympathetic ganglia,
were increased 14.8-fold and 17.2-fold in diabetic
wild-type and 12/15-lipoxygenase-deficient mice, re-
spectively. In addition, both diabetic groups displayed
small (<1%) numbers of degenerating sympathetic
neurons. In conclusion, whereas 12/15-lipoxygenase
up-regulation provides an important contribution to
functional changes characteristic for both large and
small fiber peripheral diabetic neuropathies and ax-
onal atrophy of large myelinated fibers, its role in
small sensory nerve fiber degeneration and neuritic
dystrophy and neuronal degeneration characteris-

tic for diabetic autonomic neuropathy is minor.
This should be considered in the selection of end-
points for future clinical trials of 12/15-lipoxygen-
ase inhibitors. (Am J Pathol 2010, 177:1436–1447; DOI:

10.2353/ajpath.2010.100178)

Diabetic distal symmetric sensorimotor polyneuropathy
affects at least 50% of subjects with both Type 1 and
Type 2 diabetes mellitus in the United States,1,2 and is a
leading cause of foot amputation. Clinical manifestations
of peripheral diabetic neuropathy (PDN) include in-
creased vibration and thermal perception thresholds that
progress to sensory loss developing at least partially
because of degeneration of all types of fibers in the
somatic nerve. A significant proportion of patients with
PDN experience abnormal sensations such as paresthe-
sias, allodynia, hyperalgesia, and spontaneous pain. Di-
abetic autonomic neuropathy (DAN) ranging in severity
from minor papillary and sweating problems to significant
disturbances in cardiovascular, alimentary, and genito-
urinary functions, results in significantly increased patient
morbidity and mortality.3 Improved blood glucose control
reduces the risk of PDN and DAN in both Type 14 and
Type 25 diabetes, thereby strongly implicating hypergly-
cemia as a causative factor.

Numerous studies in animal models of PDN and DAN
identified multiple mechanisms linking hyperglycemia to
nerve conduction slowing and small sensory nerve fiber
dysfunction. Those include but are not limited to in-

Supported by National Institutes of Health grants DK074517 (I.G.O.) and
NIH DK019645 (R.E.S.), the American Diabetes Association Research
grant 7-08-RA-102 (I.G.O.), and Juvenile Diabetes Research Foundation
grant 1-2005-1085 (R.E.S.). The Cell Biology and Bioimaging Core utilized
in this work is supported in part by COBRE (NIH P20 RR021945) and
CNRU (NIH 1P30-DK072476) center grants from the National Institutes of
Health.

Accepted for publication May 24, 2010.

None of the authors disclosed any relevant financial relationships.

Address reprint requests to Irina G. Obrosova, Ph.D., Pennington Bio-
medical Research Center, Louisiana State University, 6400 Perkins Road,
Baton Rouge, LA 70808. E-mail: obrosoig@pbrc.edu.

The American Journal of Pathology, Vol. 177, No. 3, September 2010

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2010.100178

1436



creased aldose reductase activity,6–8 nonenzymatic gly-
cation/glycooxidation9,10 and interactions of advanced
glycation end products with their receptors,11,12 activa-
tion of protein kinase C13,14 and mitogen-activated pro-
tein kinases,15 oxidative-nitrosative stress,16–18 and poly-
(ADP-ribosyl)ation.19,20 Most of the afore-mentioned
mechanisms participate in both nerve conduction deficits
and small sensory nerve fiber dysfunction characteristic
for PDN (reviewed in 21) and functional abnormalities
associated with DAN.22–24 Note, however, that relatively
small number of studies address involvement of hyper-
glycemia or other factors in the diabetic milieu in struc-
tural changes in the peripheral25–34 and autonomic ner-
vous systems.35–37

Diabetes is associated with disturbances of arachi-
donic acid metabolism manifest, among other changes,
by a depletion of glycerophospholipid arachidonoyl-con-
taining molecular species in peripheral nerve.38 One of
the enzymes of arachidonic acid metabolism, cyclooxy-
genase-2, has been reported to contribute to diabetes-
induced neurovascular dysfunction, nerve conduction
slowing, functional changes characteristic for cardiac au-
tonomic neuropathy, as well as intraepidermal nerve fiber
loss and diabetic neuropathic pain.39–42 The role for
12/15-lipoxygenase (LO), the enzyme oxidizing esterified
arachidonic acid in lipoproteins (cholesteryl esters) and
phospholipids with formation of 12(S)- and 15(S)-hydroxy-
eicosatetraenoic acids [12(S)HETE and 15(S)HETE], has
never been explored, although evidence for the important
role of this mechanism in diabetic endothelial dysfunction
and nephropathy is emerging,43,44 and LO has been
localized in endothelial and Schwann cells of the periph-
eral nerve,45 dorsal root ganglion neurons,46 and spinal
cord astrocytes47 and oligodendrocytes.48 The present
study evaluated the role for LO in PDN and DAN by
comparing severities of peripheral nerve dysfunction, ax-
onal atrophy of large myelinated fibers, intra-epidermal
nerve loss, as well as neuritic dystrophic changes in the
superior mesenteric (SMG) and celiac ganglia (CG), in
diabetic wild-type (LO�/�) and LO-deficient (LO�/�)
mice.

Materials and Methods

Reagents

Unless otherwise stated, all chemicals were of reagent-
grade quality, and were purchased from Sigma Chemical
Co., St. Louis, MO. Rabbit polyclonal (clone H-100) anti-
12-lipoxygenase antibody for Western blot analysis was
obtained from Santa Cruz Biotechnology, Santa Cruz,
CA. For assessment of intra-epidermal nerve fiber den-
sity, rabbit polyclonal anti-protein gene product 9.5 (PGP
9.5) antiserum was obtained from UltraClone, Isle of
Wight, UK; Alexa Fluor 488 goat anti-rabbit highly cross-
adsorbed IgG (H�L) from Invitrogen, Eugene, OR; Su-
perBlock blocking buffer from Thermo Scientific, Rock-
ford, IL; and the optimum cutting temperature compound
from Sakura Finetek USA, Torrance, CA. Vectashield
Mounting Medium was obtained from Vector Laborato-

ries, Burlingame, CA. Other reagents for immunohisto-
chemistry were purchased from Dako Laboratories, Inc.,
Santa Barbara, CA.

Animals

The experiments were performed in accordance with
regulations specified by The Guide for the Care and
Handling of Laboratory Animals (NIH Publication No. 85-
23) and Pennington Biomedical Research Center Proto-
col for Animal Studies. A colony of 12/15-deficient mice
(LO�/�, C57Bl6/J background)49,50 was established from
several breeding pairs provided by Dr. Nadler’s labora-
tory. Mature male C57Bl6/J mice were purchased from
Jackson Laboratories, Bar Harbor, ME. All of the mice
were fed standard mouse chow (PMI Nutrition Interna-
tional, Brentwood, MO) and had ad libitum access to
water. Male wild-type (LO�/�) and LO�/� mice were ran-
domly divided into two groups. In one group, diabetes
was induced by streptozotocin as we described previ-
ously.33,51 Nonfasting blood glucose measurements
were performed at induction of diabetes and at the end of
the study. The mice with blood glucose �13.8 mmol/L
were considered diabetic. The control and diabetic mice
were maintained for 14 weeks. Physiological and behav-
ioral measurements were taken at two time points ie, at
the beginning (before induction of diabetes) and at the
end of the study, in the following order: tactile response
thresholds (first day), thermal response latency (second
day), and motor and sensory nerve conduction velocities
(MNCV and SNCV, third day). MNCV and SNCV were
measured in mice anesthetized with a mixture of ket-
amine and xylazine (45 mgkg�1 body weight and 15
mgkg�1 body weight, respectively, i.p.). A group of non-
diabetic and diabetic wild-type and LO�/� mice was
shipped to Washington University School of Medicine, St.
Louis, and, after a 2-week quarantine and acclimatiza-
tion, were used for assessment of structural characteris-
tic of DAN in Dr. Schmidt’s laboratory.

Assessment of PDN

Anesthesia, Euthanasia, and Tissue Sampling

The animals were sedated by CO2 and immediately
sacrificed by cervical dislocation. Sciatic nerves (a por-
tion above the bifurcation point) were rapidly dissected
and frozen in liquid nitrogen for subsequent assessment
of LO and 12(S)HETE concentrations. Distal tibial nerves
were fixed in 2.5% glutaraldehyde buffered with 0.05
mmol/L sodium cacodylate (pH 7.3), for further assess-
ment of myelinated nerve fiber diameter and myelin
thickness. Footpads were fixed in ice-cold Zamboni’s
fixative for further assessment of intraepidermal nerve
fiber density.

Physiological and Behavioral Tests

Sciatic MNCV, hind-limb digital SNCV, thermal algesia
(paw withdrawal), and tactile response thresholds we
measured as described previously.33,46,51
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IntraEpidermal Nerve Fiber Density

Footpads were fixed in ice-cold Zamboni’s fixative for 3
hours, washed in 100 mmol/L PBS overnight, and then in
PBS containing increasing concentrations of sucrose ie,
10%, 15%, and 20%, 3 hours in each solution. After
washing, the samples were snap-frozen in OCT com-
pound and stored at �80°C. Three longitudinal 50 �m-
thick footpad sections from each mouse were cut on
Leica CM1950 cryostat (Leica Microsystems, Nussloch,
Germany). Nonspecific binding was blocked by 3% goat
serum containing 0.5% porcine gelatin and 0.5% Triton
X-100 in SuperBlock blocking buffer at room tempera-
ture, for 2 hours. The sections were incubated overnight
with PGP 9.5 antiserum in 1:400 dilution, at 4°C after which
secondary Alexa Fluor 488 IgG (H�L) in 1:1000 was ap-
plied at room temperature, for 1 hour. Sections were then
coverslipped with Vectashield mounting medium. Intraepi-
dermal nerve fiber profiles were counted blindly by three
independent investigators under Axioplan 2 microscope
(Zeiss) at �40 magnification, and the average values were
used. The length of epidermis was assessed on the micro-
photographs of stained sections taken at �5 magnification
with a 3I Everest imaging system (Intelligent Imaging Inno-
vations, Inc., Denver, CO) equipped with Axioplan 2 micro-
scope (Zeiss), using the NIH ImageJ software (version
1.42q). An average of 2.8 � 0.3 mm of the sample length
was investigated to calculate a number of nerve fiber pro-
files per mm of epidermis. Representative images of intra-
epidermal nerve fibers were obtained by confocal laser
scanning microscopy at �40 magnification, using Leica
TCS SP5 confocal system (Leica Microsystems, Mannheim,
Germany).

Tibial Nerve Morphometry

Myelinated fiber diameter and myelin thickness of
distal tibial nerves were assessed as described.27 The
samples fixed overnight at 4°C as described above
were postfixed in 1% osmium tetroxide and dehydrated
through an ascending series of ethanol concentrations.
Fixed nerves were embedded in Epon and polymerized.
One-micron thick semithin transverse nerve sections
were stained with �-phenylenediamine. For the morpho-
metric analysis, axonal diameter and myelin thickness
were measured at a magnification of �1600 by a com-
puter-assisted image analyzing system (Scion Image for
Windows, Scion Corporation, Frederick, MD).

Biochemical Studies

Western Blot Analysis of LO

To assess LO protein expression by Western blot anal-
ysis, sciatic nerve material (�20 mg) was placed on ice in
200 �l of radioimmunoprecipitation assay buffer contain-
ing 50 mmol/L Tris-HCl, pH 7.2; 150 mmol/L NaCl; 0.1%
sodium dodecyl sulfate; 1% NP-40; 5 mmol/L EDTA; 1
mmol/L EGTA; 1% sodium deoxycholate and the pro-
tease/phosphatase inhibitors leupeptin (10 �g/ml), pep-
statin (1 �g/ml), aprotinin (20 �g/ml), benzamidine (10

mmol/L), phenylmethylsulfonyl fluoride (1 mmol/L), and
sodium orthovanadate (1 mmol/L), and homogenized on
ice. The homogenates were sonicated (4 � 10 s) and
centrifuged at 14,000 � g for 20 minutes. All of the
afore-mentioned steps were performed at 4°C. The ly-
sates (20 �g protein) were mixed with equal volumes of
2� sample-loading buffer containing 62.5 mmol/L Tris-
HCl, pH 6.8; 2% SDS; 5% �-mercaptoethanol; 10% glyc-
erol and 0.025% bromophenol blue, and fractionated in
7.5% SDS-polyacrylamide gel in an electrophoresis cell
(Mini-Protean III; Bio-Rad Laboratories, Richmond, CA).
Electrophoresis was conducted at 15 mA constant cur-
rent for stacking, and at 25 mA for protein separation. Gel
contents were electrotransferred (80 V, 2 hours) to nitro-
cellulose membranes using Mini Trans-Blot cell (Bio-Rad
Laboratories, Richmond, CA) and western transfer buffer
[25 mmol/L Tris-HCl, pH 8.3; 192 mmol/L glycine; and
20% (v/v) methanol]. Free binding sites were blocked in
5% (w/v) bovine serum albumin in 20 mmol/L Tris-HCl
buffer, pH 7.5, containing 150 mmol/L NaCl and 0.05%
Tween 20, for 1 hour, after which LO antibody was ap-
plied for 2 hours. The horseradish peroxidase-conju-
gated secondary antibody was then applied for 1 hour.
After extensive washing, protein bands detected by the
antibodies were visualized with the Amersham ECL West-
ern Blotting Detection Reagent (Little Chalfont, Bucking-
hamshire, UK). Membranes were then stripped in the 25
mmol/L glycine-HCl, pH 2.5 buffer containing 2% SDS,
and reprobed with �-actin antibody to confirm equal pro-
tein loading.

12(S)HETE Measurements

For assessment of 12(S)HETE, sciatic nerve samples
were homogenized on ice in 15 mmol/L Tris-HCI buffer
(1:100 w/v) containing 140 mmol/L NaCl, pH 7.6, and cen-
trifuged. 12(S)HETE was measured in supernatants with the
12(S)-hydroxyeicosatetraenoic acid [12(S)HETE] Enzyme
Immuno Assay kit (Assay Designs, Ann Arbor, MI).

Assessment of DAN

Tissue Preparation

Mice were anesthetized with ketamine/xylazine and
perfused transcardially with 25 ml of heparinized saline
followed by 25 ml of modified Karnovsky’s fixative con-
taining 3% glutaraldehyde and 1% paraformaldehyde in
sodium cacodylate buffer pH 7.4. Fixation was continued
overnight at 4°C in the same fixative and the following day
the SMG and CG were dissected together as a single
block, cleaned of extraneous tissue, and rinsed in sodium
cacodylate buffer. Tissue was postfixed in phosphate
cacodylate-buffered 2% OsO4 for 1 hour, dehydrated in
graded ethanols with a final dehydration in propylene
oxide, and embedded in EMbed-812 (Electron Micros-
copy Sciences, Hatfield, PA). One �m-thick plastic sec-
tions were examined by light microscopy after staining
with toluidine blue. Ultrathin sections (�60 to 90 nm thick)
of individual ganglia were cut onto formvar coated slot

1438 Obrosova et al
AJP September 2010, Vol. 177, No. 3



grids, which permits visualization of entire ganglionic cross
sections. Sections were post stained with uranyl acetate
and Venable’s lead citrate and viewed with a JEOL model
1200EX electron microscope (JEOL, Tokyo, Japan). Digital
images were acquired using the AMT Advantage HR (Ad-
vanced Microscopy Techniques, Danvers, MA).

Quantification of Dystrophic Neurites

Dystrophic elements are typically intimately related to
neuronal perikarya representing axon termini as well as
dendritic swellings and, therefore, we have routinely ex-
pressed their frequency as the ratio of numbers of lesions
to numbers of nucleated neuronal cell bodies. This
method, used in our previous studies,35–37,52,53 simplifies
the ultrastructural examination of relatively large numbers
of ganglia and identification of robust changes and sub-
stantially reduces the variability in assessments of intra-
ganglionic lesion frequency. We recognize that the loss
of substantial numbers of neurons would complicate this
measurement; however, quantification of neuron num-
bers in short duration murine diabetes in other exper-
iments fails to show substantial neuron loss, and the
differences in neuritic dystrophy are so large in com-
parison that this is unlikely to complicate our analysis in
these experiments. In our current animal studies an
entire cross section of the SMG-CG was scanned at
�20,000 magnification and the number of dystrophic
neurites and synapses was determined by an investi-
gator blinded to the identity of individual animals. Dys-
trophic neurites consist of swollen axons, synapses, den-
dritic spines, or dendrites containing a variety of organelles
including: 1) axonal tubulovesicular aggregates; 2) axons
with admixed normal and degenerating subcellular or-
ganelles and autophagic multivesicular bodies; 3) axonal
neurofilaments; and, 4) nearly pure aggregates of minute
dendritic mitochondria, which we have separated into large
(�5 mm diameter) and small (�5 mm diameter) collections.
The number of nucleated neurons (range, 50 to 100 neu-
rons examined in each ganglionic cross section) was de-
termined simultaneously. The frequency of ganglionic neu-
ritic dystrophy was expressed as the ratio of number of

dystrophic neurites to the number of nucleated neurons in
the same cross section.

Statistical Analysis

The results are expressed as mean � SEM. Data were
subjected to equality of variance F test, and then to log
transformation, if necessary, before one-way analysis of
variance. Where overall significance (P � 0.05) was at-
tained, individual between group comparisons for multi-
ple groups were made using the Student-Newman-Keuls
multiple range test. When between-group variance differ-
ences could not be normalized by log transformation
(datasets for body weights and blood glucose), the data
were analyzed by the nonparametric Kruskal-Wallis one-
way analysis of variance, followed by the Bonferroni/
Dunn test for multiple comparisons. Individual pair-wise
comparisons of LO expression in nondiabetic and diabetic
wild-type mice were made using the unpaired two-tailed
Student’s t-test. Significance was defined at P � 0.05.

Results

The initial (before STZ administration) body weights were
similar in all experimental groups (Table 1). LO deficiency
did not affect weight gain in either nondiabetic or diabetic
mice. Weight gain during a 14-week study was similarly
reduced in both diabetic wild-type and LO�/� mice com-
pared with the corresponding nondiabetic groups. Initial
(after STZ administration) non-fasting blood glucose
concentrations were 65% and 85% higher in diabetic
wild-type and LO�/� mice than in the corresponding
nondiabetic groups. Hyperglycemia progressed with the
prolongation of diabetes, and the differences in final
blood glucose concentrations between wild-type and
LO�/� mice with 14-week durations of diabetes and the
corresponding nondiabetic groups reached 2.9-fold and
3.0-fold, respectively. In a similar fashion, weight gain
during a 16-week study was similarly reduced in both
diabetic wild-type and LO�/� mice compared with the
corresponding nondiabetic groups. LO gene deficiency

Table 1. Initial and Final Body Weights and Blood Glucose Concentrations in Nondiabetic Control and Diabetic LO�/� Mice
Used for Diabetic Peripheral (Experiment 1) and Autonomic (Experiment 2) Neuropathy Studies

Variable Body weight (g) Blood glucose (mmol/L)

Group Initial Final Initial Final

EXPERIMENT 1

LO�/� 26.4 � 0.7 40.4 � 1.6 9.2 � 0.8 8.9 � 0.5
LO�/� diab 26.1 � 0.8 28.8 � 0.7** 15.2 � 1.0** 25.7 � 1.3**
LO�/� 25.9 � 0.7 .38.5 � 1.2 8.8 � 0.7 9.1 � 0.7
LO�/� diab 26.5 � 0.9 29.5 � 0.8** 16.3 � 1.3** 27.2 � 1.8**

EXPERIMENT 2

LO�/� 25.1 � 0.9 32.4 � 0.8 8.5 � 0.7 7.9 � 0.8
LO�/� diab 24.0 � 0.7 26.0 � 0.8** 15.8 � 1.2** 32.1 � 0.8**
LO�/� 26.6 � 0.7 34.5 � 1.6 8.0 � 0.4 10.1 � 0.5
LO�/� diab 23.8 � 0.6 25.6 � 0.4** 14.9 � 1.1** 30.5 � 1.2**

Data are expressed as means � SEM. n � 10 to 12 per group in Experiment 1, and n � 7 to 10 per group in Experiment 2. **P � 0.01 vs.
nondiabetic control groups.
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did not affect either initial severity of diabetic hypergly-
cemia or its progression.

Wild-type mice with 14-week duration of diabetes
displayed clearly manifest LO upregulation in the pe-
ripheral nerve. Sciatic nerve LO expression was in-
creased by 35% (Figure 1, A and B). 12(S)HETE con-
centration (a measure of LO activity) was increased
2.7-fold (P � 0.05, Figure 2). Note that peripheral nerve
of LO�/� mice also produced some 12(S)HETE, prob-
ably due to activity of other, nonleukocyte type, LOs.
No statistically significant differences in sciatic nerve
12(S)HETE concentrations were found between dia-
betic LO�/� mice and the corresponding nondiabetic
group (P � 0.55).

MNCV, SNCV, thermal response latencies, and tactile
response thresholds (Table 2) were similar between non-
diabetic LO�/� and LO�/� mice at the beginning of the
study and at the 14-week time point, which indicates that
LO deficiency does not interfere with normal peripheral
nerve function. Note that both MNCV and SNCV were
also similar between nondiabetic wild-type or LO�/� mice
at the beginning of the study and at the 14-week time
point, which proves that diabetes-induced nerve conduc-
tion slowing did not develop due to affected peripheral
nerve growth and maturation in either group. Wild-type
mice with 14-week duration of diabetes displayed 28%
MNCV and 20% SNCV deficits whereas LO deficiency
essentially prevented diabetes-induced MNCV deficit
(1%) and significantly alleviated SNCV deficit (9%, P �
0.05 vs. nondiabetic LO�/� mice, and �0.05 vs. diabetic
LO�/� mice). Both LO�/� and LO�/� mice with 14-week

duration of diabetes developed clearly manifest thermal
hypo-algesia; however, LO deficiency alleviated severity
of this condition (40% increase in paw withdrawal latency
vs. 97% in diabetic LO�/� mice, P � 0.01). In a similar
fashion, both diabetic groups displayed tactile allodynia;
however, this condition was less severe in diabetic
LO�/� mice than in diabetic wild-type mice (18% and
86% reduction in tactile response thresholds, respec-
tively, P � 0.01).

Distal tibial nerve myelinated fiber diameter and myelin
thickness were similar between non-diabetic LO�/� and
LO�/� mice at the beginning of the study (5.52 � 0.12
and 5.57 � 0.10 �m and 1.78 � 0.05 and 1.75 � 0.04
�m, respectively) and at the 14-week time point (Figure 3,
A and B), which suggests that LO deficiency does not
affect morphometric characteristics of large myelin-
ated fibers. Within-groups comparisons of the two vari-
ables at two time points (baseline and 14 weeks) also
did not reveal any differences, which proves that dia-
betes-induced axonal atrophy did not develop in either
group because of affected nerve growth and matura-
tion. Myelinated fiber diameter and myelin thickness
were reduced by 10% and 32% in the wild-type mice
with diabetes of 14-week duration whereas LO defi-
ciency completely prevented diabetes-associated ax-
onal atrophy.

Intraepidermal nerve fiber densities were similar be-
tween nondiabetic LO�/� and LO�/� mice at the begin-
ning of the study (23.5 � 1.2 and 22.5 � 1.1 intra-
epidermal nerve fiber profiles/mm) and at the 14-week
time point (Figure 4, A and B), which indicates that LO
deficiency is not associated with loss or excessive
sprouting of intraepidermal nerve fibers. Within-groups
comparisons of the two variables at two time points
(baseline and 14 weeks) also did not reveal any differ-
ences in intraepidermal nerve fiber densities, which sug-
gests that diabetes-induced intraepidermal nerve fiber
loss in either group was not a consequence of affected
small sensory nerve fiber growth and maturation. Intra-
epidermal nerve fiber densities were reduced by 33%

Figure 2. Sciatic nerve 12(S)HETE concentrations in nondiabetic control
and diabetic LO�/� and LO�/� mice. C – control; D – diabetic. Mean � SEM,
n � 10 to 11 per group. *P � 0.01 vs. nondiabetic control group; **P � 0.01
vs diabetic LO�/� mice.

Figure 1. Representative Western blot analysis of sciatic nerve LO expres-
sion (A) and LO protein content (densitometry, B) in nondiabetic control and
diabetic LO�/� mice. C – control; D – diabetic. Mean � SEM, n � 7 to 10 per
group. **P � 0.01 vs nondiabetic control group.
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and 42% in wild-type and LO�/� mice with 14-week
durations of diabetes. LO gene deficiency did not pre-
vent or alleviate small sensory nerve fiber degeneration.

SMG-CG of nondiabetic wild-type and LO�/� mice
displayed an unremarkable complement of principal
sympathetic neurons surrounded by neuropil composed
of an admixture of normal appearing axons and dendritic
elements (Figure 5, A). In contrast, both wild-type and
LO�/� mice with diabetes of 16-week duration contained
dystrophic neurites in their prevertebral sympathetic gan-
glia (arrows, Figure 5B). Dystrophic neurites are fre-
quently localized in immediate proximity to neuronal cell
bodies, often within their satellite cell sheaths, causing
displacement and distortion of perikaryal contours of tar-
geted neurons. The light microscopic appearance of dys-
trophic neurites did not differ in diabetic wild-type and
LO�/� mice. Our study demonstrates rare actively de-
generating neurons in the rodent model of DAN (arrow,
Figure 5C). These degenerating neurons were present in
both diabetic wild-type and diabetic LO�/� mice (less
than 1% of the principal sympathetic neurons in both
groups), and were not found in either non-diabetic group.
In addition, SMG-CG of both diabetic wild-type and
LO�/� mice contained neurons with patches of pale
granular cytoplasm and subtle changes in nuclear chro-
matin, presumably entering the early phase of this de-
generative process (Figure 5D), which were not found in

either nondiabetic group. None of the ganglia of diabetic
wild-type or LO�/� mice displayed inflammatory infil-
trates or associations of individual lymphocytes or mac-
rophages with neuronal perikarya.

The results of SMG-CG ultrastructural examination
(Figure 6, A–F) extend the light microscopic observa-
tions, demonstrating increased numbers of dystrophic
neurites not visible by light microscopy. Neuritic dystro-
phy was typically manifest by swollen neurites intimately
associated with the perikarya of principal sympathetic
neurons (arrow, Figure 6A). Neuritic changes include the
accumulation of a large number of tubulovesicular ele-
ments ranging from delicate to coarse with varied de-
grees of compaction (Figure 6B). Other massively en-
larged neurites contained an admixture of mitochondria
and tubulovesicular elements, often accompanied by au-
tophagic vacuoles, surrounded by satellite Schwann
cells (arrow, Figure 6C). Mitochondria of dystrophic neu-
rites (arrow, Figure 6D) were significantly smaller than
those of adjacent perikarya (arrowhead, Figure 6D). Mi-
tochondria-rich dystrophic neurites often contained ad-
mixed autophagosomes with degraded mitochondria
and membranes (Figure 6E). The ultrastructural appear-
ance of degenerating neurons was characterized by
perikaryal collections of small mitochondria, the loss of
Nissl substance, nuclear pallor and distortion of nuclear
contours, shrinkage, accumulation of autophagic vacu-
oles, and accumulation of intranuclear debris (Figure 6F).

No statistically significant differences in the frequency
of neuritic dystrophy were found between nondiabetic
wild-type and LO�/� mice, which indicates that LO gene
deficiency is not associated with diabetes-like structural
changes in SMG-CG (Figure 7). LO deficiency did not
protect from the development of diabetes-induced
dystrophic changes in SMG-CG, and the frequencies
of neuritic dystrophy were increased 14.8-fold and
17.2-fold in diabetic wild-type and LO�/� mice, re-
spectively, compared with the corresponding nondia-
betic groups (Figure 7).

Quantitative ultrastructural evaluation of neuritic dys-
trophy in SMG-CG revealed minor differences between
wild-type and LO�/� mice (Table 3). Both nondiabetic
and diabetic wild-type and LO�/� mice contained tubu-
lovesicular aggregates and aggregates of large and
small mitochondria (Table 3). The number of tubulove-

Figure 3. Myelinated fiber diameter (A) and myelin thickness (B) in
nondiabetic control and diabetic LO�/� and LO�/� mice. C – control; D –
diabetic. Mean � SEM, n � 5 to 10 per group. *P � 0.01 vs nondiabetic
control group; **P � 0.01 vs diabetic LO�/� mice.

Table 2. Motor and Sensory Nerve Conduction Velocities, Thermal Response Latencies, and Tactile Response Thresholds in
Nondiabetic Control and Diabetic LO�/� and LO�/� Mice

Group Variable MNCV SNCV
Thermal response

latency (s)
Tactile response

threshold (g)

Baseline (prior to induction of diabetes)
LO�/� 50.5 � 1.4 36.1 � 0.8 9.2 � 0.5 2.73 � 0.17
LO�/� 51.0 � 1.1 35.5 � 0.5 9.4 � 0.6 2.68 � 0.16

14-week time point
LO�/� 50.3 � 2.0 35.8 � 1.1 9.6 � 0.4 2.79 � 0.18
LO�/� diab 36.4 � 1.1† 28.5 � 0.6† 18.9 � 1.0† 0.40 � 0.06†

LO�/� 49.3 � 1.6 34.4 � 0.4 10.0 � 0.4 2.54 � 0.17
LO�/� diab 48.9 � 2.7§ 31.4 � 1.1*‡ 14.0 � 1.3†§ 2.08 � 0.16*§

Data are expressed as means � SEM. n � 10 to 11 per group. *P � 0.05 and †P �0.01 vs. nondiabetic control groups. ‡P � 0.05 and §P � 0.01
vs. diabetic LO�/� mice.
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sicular aggregates were similar in the two nondiabetic
groups, although quite variable from animal to animal,
whereas diabetic LO�/� mice contained 26% fewer ag-
gregates, than the diabetic wild-type mice. The number
of admixed normal and degenerating subcellular or-
ganelles was 60% lower in dystrophic neurites of diabetic
LO�/� mice, and neurofilament aggregates were found in
diabetic wild-type mice only. Diabetic wild-type and dia-
betic LO�/� mice displayed degenerative changes in the
cell bodies, which were not identified in any of the non-
diabetic animals.

Discussion

The findings reported herein demonstrate an important
role of LO in motor and sensory nerve conduction slow-
ing, small sensory nerve fiber dysfunction, and axonal

atrophy of large myelinated fibers characteristic for PDN.
In contrast, this mechanism is not involved in diabetes-
associated intraepidermal nerve fiber loss and appar-
ently plays a minor role in structural changes in prever-
tebral ganglia associated with DAN.

With consideration of different opinions regarding
mouse models applicable for studying diabetic neurop-
athy (compare 8, 18, 27, 32, 33, 51 and 54), it is important
to emphasize that STZ-diabetic C57Bl6/J mice displayed
robust PDN, with clearly manifest MNCV and SNCV def-
icits, thermal hypoalgesia, intraepidermal nerve fiber
loss, and axonal atrophy of distal tibial nerve myelinated
fibers. These results are consistent with other studies,8,27

including several from our group,18,33,51 demonstrating
nerve conduction slowing, small nerve fiber dysfunction,
and structural changes of myelinated and unmyelinated
fibers in this mouse model. In addition to large and small

Figure 4. Representative images of intraepider-
mal nerve fiber profiles, magnification �40 (A),
and intraepidermal nerve fiber densities (B), in
nondiabetic control and diabetic LO�/� and
LO�/� mice. Mean � SEM, n � 10 to 12 per
group. C – control mice, D – diabetic mice. **P �
0.01 vs. nondiabetic control groups.

Figure 5. Light microscopic appearance of su-
perior mesenteric-celiac ganglia in control and
diabetic mice. Principal sympathetic neurons are
surrounded by neuropil composed of an admix-
ture of normal appearing axons and dendritic
elements, in nondiabetic LO�/� and LO�/�

mice (A). Dystrophic neurites (arrows, B) in
diabetic LO�/� and LO�/� mice are localized in
immediate proximity to neuronal cell bodies,
often within their satellite cell sheaths, causing
displacement and distortion of perikaryal con-
tours of targeted neurons. Degenerating neuron
(arrow, C) and a neuron early in the degener-
ative process (arrow, D) with pale granular cy-
toplasm and subtle changes in nuclear chroma-
tin, were found in diabetic LO�/� and LO�/�

mice. Scale bar � 50 microns.
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nerve fiber degeneration characteristic for PDN, diabetic
C57Bl6/J mice displayed severe neuritic dystrophy in
SMG-CG, the hallmark of DAN in mouse prevertebral
sympathetic ganglia. In addition, their sympathetic auto-
nomic ganglia contained a small (less than 1%) number
of degenerating neurons, which have only recently been
identified in the Akita mouse model of DAN.53 These
findings, consistent with other reports on the presence of
diabetic erectile dysfunction, one of manifestations of
DAN in urogenital tract,23,55 suggest that STZ-diabetic
C57Bl6/J mouse also represents an excellent model for
studying both functional and structural changes charac-
teristic for DAN, particularly that involving the innervation
of the bowel. We have found that not all sympathetic
ganglia exhibit the same pathological findings in
mouse52,53 and other models and different subpopula-
tions of axons, neurons, and mechanisms may be differ-
entially affected in ganglia.

Sciatic nerve LO overexpression and 12(S)HETE ac-
cumulation were clearly manifest in STZ-diabetic wild-
type mice. 12(H)SHETE was also identified in control and
diabetic LO�/� mice, probably due to activities of other,
non-leukocyte type, LO(s). Note, however, that LO�/�

mice did not display diabetes-related 12(S)HETE accu-
mulation in the peripheral nerve, where their 12(S)HETE
concentrations were 3.3-fold lower than in the diabetic
wild-type group. LO-derived 12(S)HETE is known to in-
duce oxidative stress43,56,57 and pro-inflammatory re-
sponse,49 to increase cytosolic Ca2�,58 and to impair
signal transduction through PKC and mitogen-activated
protein kinase signaling cascades.43,56,57,59,60 Thus, LO
overexpression and activation can lead to functional
changes characteristic for PDN through multiple mecha-
nisms. Studies of the role of LO in oxidative-nitrosative
stress and mitogen-activated protein kinase activation in
peripheral nerve, spinal cord, and DRG neurons are in
progress in our laboratory. The relation between in-
creased aldose reductase activity and LO overexpres-
sion and activation is also of great interest considering
that 1) aldose reductase inhibition or gene deficiency has
been found to correct or alleviate all diabetes-induced
biochemical changes in somatic nervous system identi-
fied so far (reviewed in21,61; and 2) increased aldose
reductase activity leads to activation of nuclear fac-
tor-kB and activator protein-1 as well as cytosolic Ca2�

accumulation (reviewed in61) ie, causes up-regulation
of three factors essentially required for LO gene ex-
pression and activity.43,56 Also note that because LO is
localized in both neural (DRG neurons and Schwann
cells) and endothelial cells, it is likely to contribute to
peripheral nerve dysfunction through both vascular and
nonvascular mechanisms. Endothelial cells do accumu-
late 12(S)HETE in response to high glucose,43,56 and LO
up-regulation plays a key role in diabetes-induced endo-
thelial dysfunction,43,56 an important factor in the patho-
genesis of both experimental 6,7,10,13–15,16,17,19,62–64 and
clinical65,66 PDN.

Figure 6. Ultrastructural appearance of superior mesenteric-celiac ganglia in
diabetic LO�/� and LO�/� mice. A typical ultrastructural appearance of
dystrophic neurites with terminal axonal and dendritic dilatations (arrow, A)
containing large numbers of tubulovesicular elements (arrow, B) is shown.
The contours of the sympathetic perikaryon adjacent to a large dystrophic
element are distorted (A), but the great majority of neuronal perikarya appear
otherwise normal. A markedly enlarged dystrophic neurite (arrow, C) con-
tains large numbers of mitochondria (arrow, D) of significantly smaller size
than those in the adjacent perikaryon (arrowheads, D). Mitochondrial
aggregates and engulfed membranous and osmiophilic material are con-
tained within autophagosomes (arrow, E). A degenerating neuron (F) con-
taining large numbers of small mitochondria is characterized by manifest
cytoplasmic pallor, debris, and osmiophilic material and an abnormal irreg-
ular pale nucleus. Original magnification: �3000(A); �20,000(B); �3000(C);
�40,000(D); �50,000(E); �5000(F).

Figure 7. Frequencies of neuritic dystrophy in superior mesenteric-celiac
ganglia (expressed as total number per nucleated neuron) show a dramatic
increase in diabetic LO�/� and LO�/� mice in comparison with nondiabetic
control LO�/� and LO�/� mice. Mean � SEM, n � 7 to 9, **P � 0.01 vs
corresponding nondiabetic groups. Mean � SEM, n � 7 to 10 per group. C
– control mice, D – diabetic mice. **P � 0.01 vs. nondiabetic control groups.
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The relations between diabetes-associated changes in
peripheral nerve function and morphology deserve de-
tailed discussion. Neither the present study, nor other
findings in rat and mouse models that display both func-
tional and morphological changes of PDN, answer the
question of whether nerve conduction deficit is a direct
consequence of axonal atrophy of large myelinated fi-
bers, or others, unrelated to morphological changes,
mechanisms. On the one hand, diabetes-associated
MNCV and SNCV deficits are known to develop much
earlier than axonal atrophy of large myelinated fibers, in
both STZ-diabetic rats and STZ-diabetic mice. Nerve
conduction slowing in rats and mice with a short-term (4-
to 8-week) diabetes is likely to result from neurovascular
dysfunction ie, deficit in endoneurial nutritive blood flow
and endoneurial hypoxia, and impaired vascular reactiv-
ity in vasa nervorum, rather than large motor and sensory
fiber degeneration.6,7,10,13,14,16,17,19,39,62–64 On the other
hand, our recent study in rats with diabetes of longer
(12-week) duration identified highly significant positive
correlations between MNCV/SNCV and myelin thick-
ness.67 Clearly, more studies in animal models of diabe-
tes displaying both nerve conduction deficit and morpho-
metric changes, are needed to dissect the relations
between large nerve fiber function and morphology, and,
specifically in the context of the present findings, the
mechanism(s) underlying a protective effect of LO gene
deficiency on MNCV and SNCV. Intraepidermal nerve
fiber density is emerging as a new approach for detection
of small sensory nerve fiber degeneration in human sub-
jects with diabetes and impaired glucose tolerance.68,69

Whereas in clinical studies, this variable has shown ex-
cellent correlations with sensory function,68,69 several ex-
perimental reports including the current study suggest
that diabetes-induced thermal hypoalgesia does not nec-
essarily develop as a consequence of intraepidermal
nerve fiber loss70 (reviewed in 71).

Despite being ineffective in delaying diabetes-associ-
ated small unmyelinated nerve fiber degeneration, LO
gene deficiency completely prevented axonal atrophy of
large myelinated fibers. Note that most experimental
studies and clinical trials evaluated only one of the two
phenomena, and thus it is not possible to compare our
results with most of the literature. To our knowledge, only
two published studies evaluated both large myelinated
and small unmyelinated nerve fiber degeneration in dia-
betic mouse model.12,34 Receptors for advanced glyca-
tion end products deficiency12 and intranasal insulin34

prevented both diabetes-induced myelinated fiber ax-

onal atrophy and reduction in intraepidermal nerve fiber
density. Discordant effects of LO gene deficiency on
axonal atrophy of large myelinated fibers and intraepider-
mal nerve fiber loss are hard to explain on the basis of
current knowledge on LO. One can speculate that
12(S)HETE and its numerous lipid-like derivatives con-
centrate in myelinated fibers due to formation of hydro-
phobic bonds with lipid components of myelin sheath.

Our previous studies identified differences in pathoge-
netic mechanisms underlying PDN and DAN. In particu-
lar, whereas SDH inhibition or gene deficiency did not
result in exacerbation of neurovascular dysfunction and
nerve conduction deficit associated with PDN,6,36,72,73 it
was associated with a dramatic increase in neuroaxonal
dystrophic changes in ileal mesenteric nerves and sym-
pathetic ganglia characteristic for DAN.36 Nerve growth
factor and neurotrophin-3, which have been reported to
alleviate multiple manifestations of PDN,27,74–76 ap-
peared completely ineffective in preventing the afore-
mentioned structural changes associated with DAN.77

Zucker diabetic fatty rats with hyperglycemia and hyper-
insulinemia developed functional and structural changes
characteristic for PDN,70 but no neuroaxonal dystrophy of
ileal mesenteric nerves and sympathetic autonomic gan-
glia.37 These findings suggest that insulinopenia, im-
paired neurotrophic support, and other factors (poten-
tially, sorbitol accumulation and resulting osmotic stress)
play different roles in PDN and DAN. In the present study,
LO gene deficiency, which essentially prevented diabe-
tes-induced MNCV and SNCV deficit and completely
protected from axonal atrophy of distal tibial nerve my-
elinated fibers, appeared to play minor role in structural
changes characteristic for DAN. Both STZ-diabetic wild-
type and LO�/� mice developed severe neuritic dystro-
phic changes in SMG-CG, similar to those observed in
STZ-diabetic rats35,36 and nonobese diabetic52 and dia-
betic Akita53 mice. The frequency of neuritic dystrophy
was similar between the two diabetic groups. SMG-CG of
diabetic wild-type and LO�/� mice displayed similar
small (less than 1%) numbers of degenerating neurons
as well as similar numbers of neurons with pale granular
cytoplasm and subtle changes in nuclear chromatin pos-
sibly representing the early phase of the degenerative
process. Note that ultrastructural evaluation of SMG-CG
revealed less significant accumulation of tubulovesicular
aggregates and admixed normal and degenerating sub-
cellular organelles, and lack of neurofilaments in diabetic
LO�/� mice. However, in general, the role of LO in dia-

Table 3. Subpopulations of Dystrophic Neurites in SMG-CG of Diabetic and Nondiabetic LO�/� and LO�/� Mice

Group Tubulovesicles Neurofilaments Mixed organelles Mitochondria A Mitochondria B

LO�/� 0.007 � 0.005 0 � 0 0.012 � 0.004 0.003 � 0.003 0.022 � 0.008
LO�/� diab 0.043 � 0.021 0.007 � 0.004* 0.06 � 0.017† 0.083 � 0.023* 0.398 � 0.064†

LO�/� 0.007 � 0.007 0 � 0 0 � 0 0.004 � 0.004 0.029 � 0.012
LO�/� diab 0.078 � 0.056 0 � 0‡ 0.026 � 0.012‡ 0.094 � 0.039† 0.481 � 0.125†

Dystrophic neurites were separated into subpopulations for each animal based on ultrastructural content and expressed as the ratio of numbers of
lesions of each type/numbers of neurons, as calculated for each animal. Mitochondria-engorged neurites are presented as two groups on the basis of
size of the dystrophic neurite: A � 5 �m and B � 5 �m. Data are expressed as means � SEM, n � 7 to 10 per group. *P � 0.05 and †P � 0.01 vs.
nondiabetic control groups. ‡P � 0.05 vs. diabetic LO�/� mice.
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betes-induced neuritic dystrophy in SMG-CG appears
minor. The contribution of LO to functional changes as-
sociated with any kind of DAN has never been explored.

The selection of proper endpoints for neuropathy clin-
ical trials remains a difficult task because some measures
respond to a pathogenetic treatment, whereas others do
not. For example, a 52-week, multicenter, placebo-con-
trolled, double-blind, parallel group study revealed ben-
eficial effect of the aldose reductase inhibitor fidarestat
on two electrophysiological measures (ie, median nerve
F-wave conduction velocity and minimal latency) out of
eight used.78 In a similar fashion, a 6-month, randomized,
double-masked, placebo-controlled study evaluating the
effects of the protein kinase C-� inhibitor ruboxistaurin on
skin microvascular blood flow and other measures of
diabetic peripheral neuropathy revealed beneficial effect
of the drug on the Neuropathy Total Symptom Score, the
Norfolk QOL-DN symptom subscore and total score, and
endothelium-dependent and C-fiber-mediated skin mi-
crovascular blood flow, but not nerve fiber morphometry,
quantitative sensory testing, quantitative autonomic func-
tion testing, and nerve conduction measures.79 These
two examples suggest that future clinical neuropathy tri-
als should include multiple endpoints, and that selection
of those should be based on detailed knowledge of
pathogenetic mechanisms underlying functional and
structural changes characteristic for PDN and DAN.
Whereas probability of discrepancy between the results
of animal model studies and human trials is never ex-
cluded, the findings of the present study suggests that
future clinical trials of LO inhibitors are more likely to
reveal a beneficial effect on electrophysiology and sural
nerve morphometry, rather than on quantitative sensory
testing measures or intraepidermal nerve fiber density.

In conclusion, whereas LO overexpression and activa-
tion provides an important contribution to functional
changes characteristic for both large and small fiber
PDN, and axonal atrophy of large myelinated fibers, its
role in intraepidermal nerve fiber loss and sympathetic
autonomic ganglion neuritic dystrophy and neuronal de-
generation is minor. The findings justify future studies of
the role for LO in functional changes associated with
DAN, and of interactions between LO and other molecu-
lar mechanisms underlying diabetes-induced peripheral
nerve demyelination. They provide the rationale for de-
velopment of LO inhibitors and LO inhibitor-containing
combination therapies.
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