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Abstract Modification of proteins by 4-hydroxy-2-non-

enal (4-HNE) has been proposed to cause neurotoxicity in a

number of neurodegenerative diseases, including distal

axonopathy in diabetic sensory neuropathy. We tested the

hypothesis that exposure of cultured adult rat sensory

neurons to 4-HNE would result in the formation of amino

acid adducts on mitochondrial proteins and that this pro-

cess would be associated with impaired mitochondrial

function and axonal regeneration. In addition, we com-

pared 4-HNE-induced axon pathology with that exhibited

by neurons isolated from diabetic rats. Cultured adult rat

dorsal root ganglion (DRG) sensory neurons were incu-

bated with varying concentrations of 4-HNE. Cell survival,

axonal morphology, and level of axon outgrowth were

assessed. In addition, video microscopy of live cells,

western blot, and immunofluorescent staining were utilized

to detect protein adduct formation by 4-HNE and to

localize actively respiring mitochondria. 4-HNE induced

formation of protein adducts on cytoskeletal and mito-

chondrial proteins, and impaired axon regeneration by

approximately 50% at 3 lM while having no effect on

neuronal survival. 4-HNE initiated formation of aberrant

axonal structures and caused the accumulation of mito-

chondria in these dystrophic structures. Neurons treated

with 4-HNE exhibited a distal loss of active mitochondria.

Finally, the distal axonopathy and the associated aberrant

axonal structures generated by 4-HNE treatment mimicked

axon pathology observed in DRG sensory neurons isolated

from diabetic rats and replicated aspects of neurodegener-

ation observed in human diabetic sensory neuropathy.
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Introduction

4-hydroxy-2-nonenal (4-HNE) is a highly reactive a,b-

unsaturated aldehyde formed from the breakdown of

polyunsaturated fatty acids in cholesterol esters, phospho-

lipids, and triglycerides (Uchida 2003). It is a major

product of lipid peroxidation and the pathway for its pro-

duction and biotransformation has been well characterized

(Uchida 2003; Carini et al. 2004; Petersen and Doorn

2004). 4-HNE exhibits a variety of biological activities

including inhibition of protein and DNA synthesis (Sayre

et al. 2006) and inactivation of enzymes (Isom et al. 2004).

4-HNE can form protein adducts with amino acid residues

such as cysteine, histamine, and lysine due to its strong

electrophilic properties (Uchida 2003; Isom et al. 2004).

Moreover, the presence of these protein adducts can serve

as biomarkers for the occurrence and extent of oxidative

stress (Uchida 2003). Earlier studies have also demon-

strated the ability of 4-HNE to act as a signaling molecule,

which induces a variety of cellular processes (Awasthi
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et al. 2003; Forman et al. 2003). In addition, 4-HNE has

been shown to inhibit neurite outgrowth, disrupt microtu-

bules, and modify tubulin in Neuro 2A neuroblastoma cells

(Neely et al. 1999; Kokubo et al. 2008), and it’s cytotoxic

and genotoxic effects have been demonstrated in cerebral

endothelial cells (Karlhuber et al. 1997).

4-HNE has been implicated in the pathophysiology of

several neurodegenerative disorders including diabetic

neuropathy (Petersen and Doorn 2004; Obrosova et al.

2005). Diabetic sensory neuropathy is one of the long-term

clinical syndromes associated with poorly controlled dia-

betes mellitus (Said 2007; Yagihashi et al. 2007). Sensory

nerves from human patients with neuropathy show pro-

gressive nerve fiber loss, endoneurial microangiopathy, and

demyelination which often precedes axonal degeneration

of myelinated fibers (Malik et al. 2005; Yagihashi et al.

2007). Key features of the disease are the targeting of

lumbar dorsal root ganglia (DRG) sensory neurons with the

longest axons and the distal loss of sensory nerve endings

in the epidermis with subsequent failure to regenerate and/

or undergo collateral sprouting (Lauria et al. 2003; Ebe-

nezer et al. 2007). Complex metabolic pathways down-

stream of high glucose are involved in the etiology of this

condition and include enhanced polyol pathway activity,

increased nonenzymatic glycation of proteins, elevated

oxidative stress, impaired neurotrophic support as well as

changes in protein kinase C activity and/or MAP kinase

activity (Brownlee 2001; Yagihashi et al. 2007; Calcutt

et al. 2008; Tomlinson and Gardiner 2008). High [glucose]-

induced generation of reactive oxygen species (ROS) by

mitochondria has been proposed to link these mechanisms,

suggesting a role for mitochondrial dysfunction and trig-

gering of oxidative stress in the etiology of this disease

(Brownlee 2001).

Increased levels of lipid peroxidation products, includ-

ing 4-HNE and it’s amino acid adducts, have been shown

in the sciatic nerve and retina of streptozotocin (STZ)-

diabetic rats, a model of type 1 diabetes (Obrosova et al.

2001; Obrosova et al. 2005), and also, modification of

sorbitol dehydrogenase subunits has been associated with

increased levels of 4-HNE in cardiomyopathy in diabetes

(Lashin et al. 2006). Therefore, we hypothesized that

increased levels of 4-HNE in diabetic tissues result in the

formation of adducts on key mitochondrial and cytoskeletal

proteins, this in-turn impairs mitochondrial activity and

axonal function. The aim of this study was to expose cul-

tured DRG sensory neurons from adult rats to 4-HNE and

assess the presence of protein adducts of 4-HNE and their

putative effect on mitochondrial function and axonal

morphology and/or regeneration. In addition, our purpose

was to compare effects of direct 4-HNE treatment of nor-

mal neurons with the phenotype of DRG cultures derived

from STZ-diabetic rats.

Materials and Methods

Adult Rat and Mouse DRG Sensory Neuron Culture

DRG sensory neurons from adult male Sprague-Dawley

rats or male Swiss Webster mice were isolated and disso-

ciated using previously described methods (Huang et al.

2003; Gardiner et al. 2005; Huang et al. 2005a, b). Rats

were either age-matched control or 3–4 month STZ-dia-

betic. Rats were made diabetic with a single i.p. injection

of 75 mg/kg STZ (Sigma). Endpoints were as follows:

body weight - control, 619.2 ± 47.6 g, diabetic, 360.9 ±

55.0 g; blood glucose - control, 9.14 ± 2.36 mM, dia-

betic, 29.6 ± 2.4 mM; glycated hemoglobin (% HbA1c) -

control, 4.88 ± 0.4%, diabetic, 8.67 ± 0.74%. All values

are means ± SD, n = 11, P \ 0.001 for control vs dia-

betic. All animal protocols carefully followed Canadian

Committee on Animal Care (CCAC) guidelines. Cells were

plated onto poly-d-L-ornithine hydrobromide and laminin-

coated multi-well plates (Nunclon Surface, Ottawa, ON)

for neuronal survival and axon outgrowth studies and

25 mm glass cover slips (Electron Microscopy Sciences,

Hatfield, PA, German glass #1) for immunocytochemistry

and measurement of mitochondrial localization. Neurons

were grown in defined Hams F-12 medium with modified

Bottenstein and Sato’s N2 medium (with no insulin) con-

taining 0.1 mg/ml transferrin, 20 nM progesterone,

100 lM putrescine, 30 nM sodium selenite, 1 mg/ml BSA,

and supplemented with neurotrophic factors (NTFs): 1 nM

insulin, 1 ng/ml nerve growth factor (NGF), 10 ng/ml glial

cell line-derived neurotrophic factor (GDNF), and 10 ng/ml

neurotrophin-3 (NT-3) (all obtained from Sigma). For

neuron survival and axon outgrowth studies cultured DRG

neurons from adult rats or mice were treated with 4-HNE

concentrations ranging from 1.0 to 10.0 lM and assessed at

24–48 h. Neuronal survival was quantified by established

methods (Mattson et al. 1995; Fernyhough et al. 2005).

Briefly, viable neurons were counted before experimental

treatment and at time points following treatment. Neurons

that died in the intervals between examination points were

usually absent, and the viability of the remaining neurons

was assessed by morphological criteria. Neurons with

membranes and soma with a smooth round appearance were

considered viable, whereas neurons with fragmented or

distended membranes and vacuolated soma were considered

nonviable. Six images were collected randomly from each

well at 24 h of culture using a phase-contrast light micro-

scope (Nikon Diaphot, phase contrast inverted microscope)

fitted with a 209 objective and equipped with camera

(Nikon Coolpix 5000). Survival counts were confirmed

using trypan blue staining. For neurite outgrowth measure-

ments, images of cultures were collected from six randomly

selected fields from each well using a phase-contrast light
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microscope. The total number of neurons and number of

intersects of their neurites with a vertical Weibel grid were

counted using a morphometric approach and using Sigma-

Scan Microsoft software as previously described (Gardiner

et al. 2005). The number of intersects per neuron was taken

as the measure of total axon outgrowth.

Immunocytochemistry for Detection of Protein Adducts

of 4-HNE

Adult DRG neurons grown on glass cover slips were fixed

with 4% paraformaldehyde in phosphate buffered saline

(PBS, pH 7.4) for 15 min at room temperature and then

permeabilized with 0.3% Triton X-100 in PBS for 5 min.

Nonspecific binding was reduced by incubation for 1 h at

room temperature in blocking buffer prepared from blocking

reagent (Roche, Indianapolis, IN, Cat # 1 096 176) which

was diluted with FBS and 1.0 mM PBS in proportion 3:1:1

for 1 h and washed with PBS three times. Fixed cells were

then incubated with antibodies to b-tubulin isotype III

(neuron specific; Sigma, Oakville, ON, 1:1000), (E)-4-

hydroxy-2-nonenal adducts (anti-4-HNE adducts PAb

(Alexis Biochemicals, San Diego, CA, 1:500) and phos-

phorylated neurofilament H (NFH) (neuron specific; SMI-

31; Covance, Berkeley, CA, 1:500). DRG cultures were

incubated overnight with primary antibody in a humidified

chamber followed by FITC- and CY3-conjugated secondary

antibodies (Jackson ImmunoResearch Laboratories, West

Grove, PA, 1: 250) for 3 h at room temperature. Fluores-

cence signal was examined using a Carl Zeiss Axioscop-2

mot microscope with AxioVision 3 software and equipped

with FITC, CY3, DAPI filters, and AxioCam camera.

Fluorescence Video Microscopy of Mitochondria

in Live Cultures

For localization of actively respiring mitochondria live

cultures were stained for 15 min with 1 lM chloromethyl-x-

rosamine (CMXRos) dye (Molecular Probes, Eugene, OR)

before being fixed for immunostaining for adducts of

4-HNE. For localization of total mitochondria DRG cultures

were stained with 200 nM Mitotracker green dye (Molecular

Probes, Eugene, OR) for 15 min followed by 1 lM CMX-

Ros. The fluorescence signal was examined using a Carl

Zeiss LSM510 confocal inverted microscope in all experi-

ments (care was taken to minimize excitation of the dyes

given their propensity to generate free radical damage).

Quantification of Fluorescence Signals in Axons

Fluorescence signals along the axons in each field of view

were assessed using software described above. For the

assessment of 4-HNE and phosphorylated neurofilament

levels in Figs. 2g, h and 3h, a line of specific width was

traced along the axons and the average line pixel intensity

over a distance of 150 lm measured. To assess CMXRos,

Mitotracker green, and 4-HNE levels in Figs. 5g, h and 6g, h,

a line of specific width was traced along each axon and the

pixel intensity per micrometer of axonal length measured.

Mitochondrial Isolation

Adult rat DRG were homogenized in mitochondria isola-

tion buffer containing: 10 mM HEPES (pH 7.4), 200 mM

mannitol, 70 mM sucrose, and 1 mM EGTA. The DRG

homogenate was centrifuged at 8009g for 10 min at 4�C

followed by centrifugation of the supernatant at 80009g

for 15 min. The pellets (mitochondrial enriched fraction)

were then resuspended in mitochondrial isolation buffer.

Measurement of Levels of Protein Adducts of 4-HNE

Using Western Blot

Cultured DRG neurons were harvested at 24 h following

4-HNE treatment into ice-cold neurofilament stabilization

buffer containing: 0.1 M Pipes, 5 mM MgCl2, 5 mM

EGTA, 0.5% Triton X-100, 20% glycerol, 10 mM NaF,

1 mM PMSF, and protease inhibitor cocktail (Fernyhough

et al. 1999). Proteins were assayed using DC protein assay

(BioRad; Hercules, CA) and western blot analysis per-

formed as previously described (Towbin et al. 1979; Wataya

et al. 2002). The proteins from cultured DRG neurons

(10 lg/lane) and isolated mitochondria (5 lg/lane) were

resolved on an 8% and 12% SDS-PAGE gel respectively,

and electroblotted (30 V, 16 h) onto a nitrocellulose mem-

brane. Blots were then blocked in 5% nonfat milk containing

0.05% Tween overnight at 4�C, rinsed in phosphate buffered

saline (pH 7.4) and then incubated with the primary anti-

body (anti-4-HNE adducts PAb; 1:1000) overnight at 4�C.

Levels of total extracellular signal-regulated kinase

(T-ERK; Covance, Berkeley, CA; 1:2000) were detected

and used as a loading control (our previous work has shown

no change in expression in diabetes and under a range of

conditions in our cultures). After six washes of 10 min in

PBS-Tween and PBS, secondary antibody was applied for

1 h at room temperature. The blots were rinsed, incubated in

Super Signal West Pico (Pierce biotechnology, Rockford,

IL), and imaged using the BioRad Fluor-S image analyzer.

Data Analysis

All data are presented as means ± SEM, unless stated

otherwise. In Fig. 1, data were subjected to one-way

ANOVA with post hoc comparison using the Dunnett one-

sided test (SPSS vs 13 for Windows). In Fig. 7, data were

subjected to two-way ANOVA with post hoc comparison
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using Tukey’s test. In all other cases, analysis was by

standard two-tailed unpaired or paired Student t-test with

significant levels of P \ 0.05 using (GraphPad Prism 4,

GraphPad Software Inc., San Diego, CA).

Results

Adult sensory neurons from normal adult rats (Fig. 1a, b)

and mice (Fig. 1c, d) were cultured for 24 h in defined

F12 ? N2 medium supplemented with a cocktail of

neurotrophic factors and treated with 4-HNE concentrations

ranging from 1.0 to 10 lM. Cell survival, axon morphology,

and level of axon outgrowth were assessed at 24 h of cul-

ture. 4-HNE significantly impaired axonal outgrowth by

approximately 50% at a concentration of 2.5 lM in the rat

sensory neuron culture (Fig. 1g) while having no effect on

neuronal survival at this concentration. Thus, EC50 for the

inhibition of neurite outgrowth by 4-HNE was found to be

significantly lower than that for decreased neuronal survival

(Fig. 1h). Impairment of axonal outgrowth in the rat culture

was not significantly different from the mouse culture,

Fig. 1 Dose-dependent

impairment of axonal outgrowth

by 4-HNE. Figures a and b are

phase contrast images of 24 h

cultures of adult rat DRG

sensory neurons. Figures c and

d are images of 24 h cultures of

adult mouse DRG sensory

neurons. Neurons were grown in

defined F12 media

supplemented with N2 additives

and neurotrophic factors (NTFs:

1 nM insulin, 1 ng/ml NGF,

10 ng/ml GDNF, and 10 ng/ml

NT-3) and treated with 3.0 lM

4-HNE. Figures e and f are

images of 3–4 day cultures of

adult rat STZ diabetic neurons.

Neurons were grown in defined

F12 ? N2 media supplemented

with 10 mM glucose (control)

and 25 mM glucose (diabetic).

Figures g and h are the

quantification of total axon

outgrowth and levels of survival

of DRG sensory neurons treated

with 4-HNE ranging from 1.0 to

10 lM over a 24-h period.

White arrows show swellings or

dystrophic regions on the axons

and black arrows show non-

neurons. Values are

means ± SEM, n = 4 replicate

cultures. * P \ 0.05 vs control

in rat and mice
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however, there was a slight shift of the mouse dose response

curve to the left (Fig. 1g). 4-HNE-treated cultures also

exhibited aberrant axonal structures with phase dark swell-

ings or dystrophic structures along axons (Fig. 1b, d; white

arrows) which were absent or minimal in control cultures

(Fig. 1a, c). These effects of 4-HNE on axon outgrowth and

morphology were compared with features of axon out-

growth produced by adult sensory neurons isolated from 3 to

4 month STZ-diabetic rats. Age-matched control and dia-

betic neurons were incubated in defined F12 ? N2 medium

with normal glucose (10 mM) and high glucose (25 mM),

respectively, and assessed at 3–4 days of culture. The longer

growth period was required to allow time for high glucose

concentration-dependent oxidative stress to develop and

permit adducts of 4-HNE to build up and induce pathology

(Fig. 1f). The diabetic neurons revealed approximately 50%

reduction in axon outgrowth (data not shown) and formation

of phase dark swellings along axons (Fig. 1e, f) as observed

under conditions of 4-HNE treatment in normal neurons.

The ability of 4-HNE to form amino acid adducts on

cytoskeletal proteins in rat sensory neurons and as a result

alter the phosphorylation of neurofilament proteins was

investigated. Sensory neurons from normal rats were trea-

ted at 24 h of culture with 3 lM 4-HNE and immuno-

stained (following 24 h of treatment) for phosphorylated

NFH (Fig. 2a, b) and adducts of 4-HNE (Fig. 2c, d).

Control cultures showed normal axons with minimal

labeling of adducts of 4-HNE (Fig. 2c), whereas, 4-HNE-

treated cultures showed large numbers of aggregations or

puncta of 4-HNE staining (Fig. 2d; white arrows). Fig-

ure 2g shows a twofold increase in adduct formation

compared to controls and Fig. 2h shows a significant

increase in NFH phosphorylation in the treated group.

Sensory neurons were also cultured for 4 days from age-

matched control and 3–4 month STZ-diabetic rats and

immunostained for b-tubulin III (Fig. 3a, b) and adducts of

4-HNE (Fig. 3c, d). The control group exhibited normal

axons with minimal swellings, whereas, neurons from

diabetic rats presented with axonal swellings, which

stained positive for adducts of 4-HNE (Fig. 3d; white

arrows). Figure 3g, h shows an increase in number of

abnormal axonal swellings and total levels of adducts of

4-HNE in the axons of diabetic neurons, respectively.

Normal sensory neurons were treated with 4-HNE for

24 h of culture. The cell lysates were harvested and protein

adducts of 4-HNE assessed by western blotting (Fig. 4a).

There was a clear enhancement in adduct formation in the

4-HNE-treated group, with discernable bands showing up

around 25, 55, 70, 130 KDa. These molecular weights are

similar to those of cytochrome C oxidase, ATPase synthase,

neurofilament L, and neurofilament M, respectively. Also,

mitochondria were isolated from normal and STZ-diabetic

adult rat DRG and protein adducts of 4-HNE assessed by

western blot (Fig. 4b). There was an increase in adduct

formation in the STZ diabetic rat DRG at molecular weights

corresponding to 15 KDa (Fig. 4c) and 40 KDa (Fig. 4b).

The combined intensity of all the discernable bands on the

blot (Fig. 4b) showed an increase in adduct formation in the

STZ diabetic rat DRG compared to the controls (Fig. 4f).

Fig. 2 4-HNE-treated adult rat DRG neurons exhibit aberrant axonal

structures containing adducts of 4-HNE. Figures a and b were stained

for phosphorylated NFH using antibody SMI 31 (red). Figures c and d
are stained for adducts of 4-HNE using anti-HNE polyclonal antibody

(anti-HNE PAb; green). Figures e and f are merged images of adducts

of 4-HNE and phosphorylated NFH (blue nuclei stained with DAPI).

Neurons were grown in defined F12 media supplemented with N2

additives and neurotrophic factors and treated with 3.0 lM 4-HNE.

White arrows show accumulation of 4-HNE adducts. Figures g and h
are the quantification of levels of protein adducts and phosphorylated

NFH in the axons, respectively. Values are means ± SEM, n = 45

axons. * P \ 0.05 (color figure online)
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Mitochondrial function has a central role in governing

axon outgrowth, mainly through generation of ATP for

actin treadmilling (Bernstein and Bamburg 2003), and so

the effect of 4-HNE adduct formation on the activity of

mitochondria was analyzed in normal adult rat sensory

neuron cultures. Sensory neurons were treated with 3 lM

4-HNE at 24 h and co-stained for actively respiring

mitochondria using CMXRos (Fig. 5a, b) (following 24 h

of treatment) and adducts of 4-HNE (Fig. 5c, d). CMXRos

dye produces low fluorescence until entry into an actively

respiring cell, where it becomes oxidized to the fluorescent

mitochondrion selective-probe and then covalently

sequestered in the mitochondria—the level of entry into the

mitochondrion is dependent upon the extent of mitochon-

drial depolarization and hence, in part, directly related to

mitochondrial respiratory activity; the more polarized the

mitochondrial inner membrane the greater the uptake of

dye. Control cultures exhibited normal axons with uniform

labeling of actively respiring mitochondria and minimal

swellings (Fig. 5a) which stained negatively for adducts of

4-HNE (Fig. 5c). In comparison, 4-HNE-treated cultures

showed much less uniform staining for active mitochondria

with a large number of axonal swellings that were filled

with active mitochondria (Fig. 5b) and which stained

positively for adducts of 4-HNE (Fig. 5d). The accumula-

tion of adducts of 4-HNE co-located with active mito-

chondria in the axonal swellings (Fig. 5f; white arrows).

Increase in the formation of 4-HNE adducts in the axons

(Fig. 5h) after 4-HNE treatment was associated with a

decrease in the levels of active mitochondria as indicated

by CMXRos intensity levels (Fig. 5g). We next investi-

gated if a decline in actively respiring mitochondrial levels

resulted in a reduction in mitochondrial mass (active and

inactive) in sensory neurons treated with 4-HNE. Sensory

neurons were treated with 3 lM 4-HNE at 24 h and

co-stained with Mitotracker green dye (Fig. 6a, b) and

CMXRos (Fig. 6c, d) (following 24 h of treatment).

Mitotracker green dye preferentially accumulates in mito-

chondria regardless of mitochondrial membrane potential,

making it a tool for determining mitochondria mass.

Mitochondria mass as indicated by Mitotracker green

intensity was evenly spread from the cell body to the axon

terminals in the absence or presence of 4-HNE (Fig. 6a, b),

however, a progressive decline in CMXRos signal intensity

was observed toward the distal axonal regions in the

4-HNE-treated group (Fig. 6c, d). There was no statistical

difference between the treated and control groups with

respect to Mitotracker green levels in the axons (Fig. 6g);

however, CMXRos intensity levels declined significantly

in the treated group compared to control (Fig. 6h). The

pattern of expression of active mitochondrial levels was

studied in normal sensory neurons treated with 4-HNE over

a time course of 24 h. Sensory neurons were treated with

3 lM 4-HNE at 24 h and stained with CMXRos at 12, 18,

and 24 h of treatment (Fig. 7). There was a significant

4-HNE-induced decrease in the levels of active mito-

chondria at 12 and 18 h compared to controls, however,

mitochondrial activity levels began to recover at 24 h even

though the levels at this time point were still significantly

lower than controls.

Fig. 3 Axons of neurons of STZ-diabetic rats exhibit swellings that

express adducts of 4-HNE. Figures a, c, and e represent immunoflu-

orescent images derived from lumbar DRG sensory neurons cultured

from age-matched control rats. Cells were grown for 4 days in

F12 ? N2 defined medium with 10 mM D-glucose and with 10 nM

insulin. Figures b, d, and f represent immunofluorescent images derived

from lumbar DRG sensory neurons cultured from 3- to 4-month STZ-

diabetic rats grown in F12 ? N2 defined medium with 25 mM

D-glucose and without insulin. Figures a and b represent staining for

neuron-specific b-tubulin III (red), c and d is staining for adducts of

4-HNE, and e and f are merged images (blue nuclei stained with DAPI).

Figures g and h are quantification of number of swellings per 100 lm of

axon length and 4-HNE level in axons. Values are means ± SEM,

n = 3 replicates. * P \ 0.05, ** P \ 0.001 (color figure online)
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Fig. 4 4-HNE adduct

formation in cultures of adult

DRG and in DRG mitochondrial

preparations from STZ-diabetic

rats. a Western blot showing

protein adducts formation in

cultured neurons using anti-

HNE antibody. Neurons were

grown in defined F12 media

supplemented with modified N2

additives and neurotrophic

factors (NTFs; 1 nM insulin,

1 ng/ml NGF, 10 ng/ml GDNF

and 10 ng/ml NT-3) and treated

with 3.0 lM 4-HNE for 24 h. b
Western blot showing protein

adducts formation in

mitochondria from DRG of

normal or STZ-diabetic rats.

Mitochondria were isolated

from DRG of adult STZ-

diabetic and normal rats using

mitochondria isolation buffer

containing: 10 mM HEPES (pH

7.4), 200 mM mannitol, 70 mM

sucrose, and 1 mM EGTA.

Figures c–e are the

quantifications of the levels of

protein adducts relative to total

ERK on blot (b) at 15, 40, and

170 KDa, respectively. Figure f
is a quantification of total levels

of protein adducts on blot (b) in

normal and STZ-diabetic DRG

mitochondria. The band

intensities from all the

discernable bands on blot (b)

were pooled together to

generate (f). Values are

means ± SEM, n = 6

replicates. *P \ 0.05,

**P \ 0.001
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Discussion

There is increasing evidence of the role played by oxidative

damage including lipid peroxidation in the etiology of a

range of neurodegenerative diseases, including develop-

ment of diabetic neuropathy (Neely et al. 1999; Obrosova

et al. 2005). 4-HNE, a product of lipid peroxidation, forms

adducts with key neuronal proteins (Uchida 2003; Petersen

Fig. 5 4-HNE induces the accumulation of active mitochondria in

swellings along the axons of adult rat DRG neurons. Figures a and b
are stained for active mitochondria (red) using chloromethyl-x-

rosamine (CMXRos). Figures c and d show the presence of adducts of

4-HNE using anti-HNE PAb. e and f represent merged images of

adducts of 4-HNE and active mitochondria (blue nuclei stained with

DAPI). Neurons were grown in defined F12 media supplemented with

N2 additives and neurotrophic factors and treated with 3.0 lM

4-HNE. Note: neurons were treated with 4-HNE at 24 h of neuronal

culture and immunofluorescence images taken at 24 h of treatment.

White arrows indicate the presence of axonal swellings. Figures g and

h are the quantification of active mitochondria and adducts of 4-HNE

levels in the axons, respectively. Values are means ± SEM, n = 48

axons. * P \ 0.05 and ** P \ 0.01 (color figure online)

Fig. 6 Reduction in levels of active mitochondria in the axons of

4-HNE-treated adult rat DRG neurons. Figures a and b are stained for

total mitochondria using Mitotracker green dye. Figures c and d are

stained for active mitochondria (red) using CMXRos. Neurons were

grown in defined F12 media supplemented with N2 additives and

neurotrophic factors and treated with 3.0 lM 4-HNE. Note: neurons

were treated with 4-HNE for 24 h following 24 h of neuronal culture.

Figures e and f are merged images. Figures g and f are the

quantification of total and active mitochondria level in the axons,

respectively. White arrows indicate area of relative loss of active

mitochondria. The asterisk shows cell body of neurons. Values are

means ± SEM, n = 48 axons. * P \ 0.05 (color figure online)
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and Doorn 2004), and these adducts have been shown to be

elevated in the peripheral nerves of STZ-diabetic rats

(Obrosova et al. 2005). Protein adducts have also been

detected in mouse sciatic nerves treated with 4-HNE

(Wataya et al. 2002) and sciatic nerves and DRG of dia-

betic mice exposed to a high fat diet (a model of pre-

diabetes) (Obrosova et al. 2007). In the present study we

show for the first time that 4-HNE directly impairs mito-

chondrial function and axonal regeneration in cultured

adult DRG sensory neurons. 4-HNE triggered formation of

amino acid adducts of neuronal proteins, including mito-

chondrial proteins, and this was associated with a distally

directed reduction in the levels of active mitochondria in

the axon, and the formation of abnormal axonal structures,

which stained positively for adducts of 4-HNE. These

structural abnormalities in the axons closely resembled

dystrophic and 4-HNE-labeled structures observed in the

neurites of DRG neuronal cultures derived from STZ-dia-

betic rats (Fig. 3). Our results, with regards to the ability of

4-HNE to form adducts on neuronal proteins and impair

mitochondrial activity, are in good agreement with studies

on other types of cells. For example, studies by the Romani

group showed specific modification of key mitochondrial

proteins by 4-HNE leading to an impairment in enzymatic

activity in the mitochondria of cardiac tissue in rodents

with diabetes (Lashin et al. 2006).

The axonal pathology induced by 4-HNE in the normal

cultures closely paralleled axon damage generated in cul-

tures of neurons from diabetic rats. Interestingly, the ana-

tomical phenotype of these cultures described herein

exhibited axonal morphologies that closely compare with

axon pathology in human diabetic neuropathy where

axonal swellings and dystrophy have been described in

DRG, nerve and at distal sites within the epidermis

(Schmidt et al. 1997; Lauria et al. 2003; Ebenezer et al.

2007). In diabetes, it has been proposed that axonal

pathology may be triggered by impaired mitochondrial

function (Sasaki et al. 1997; Brownlee 2001; Fernyhough

et al. 2003; Verkhratsky and Fernyhough 2008). It has been

theorized that high [glucose] drives excessive electron

donation to the electron transport chain in mitochondria

resulting in mitochondrial hyperpolarization and elevated

production of ROS (Nishikawa et al. 2000). Brownlee et al.

have proposed that this mitochondrial-dependent process is

a central mediator of oxidative stress in complications of

diabetes and could be a major generator of lipid peroxi-

dation and 4-HNE (Brownlee 2001). The theory suggests

that high [glucose] in tissue targets for diabetic complica-

tions leads to increased supply of NADH in the mito-

chondria, and that this increased electron availability and/

or saturation may cause partial reduction of oxygen to

superoxide radicals in the proximal part of the electron

transport chain. Subsequent large elevations in ROS and

associated 4-HNE then may react with mitochondrial pro-

teins and result in degeneration of tissue. These findings

point to the central role played by the mitochondria, and in

part 4-HNE, as a mediator of neurodegeneration in the PNS

and a critical modulator of diabetic complications in neu-

rons (Sasaki et al. 1997; Brownlee 2001; Fernyhough et al.

2003; Verkhratsky and Fernyhough 2008).

The current study revealed that 4-HNE formed adducts

and significantly impaired neurite outgrowth at concentra-

tions as low as 3 lM in cultured adult DRG neurons treated

with 4-HNE for a period of 24 h. Also, significant neuronal

death was observed at 4-HNE concentrations of 10 lM or

higher in the DRG cultures. Other studies have reported

impairment of neurite outgrowth in Neuro 2A cells incu-

bated with 4-HNE for 1 h and assessment of outgrowth

made 24 h later (Neely et al. 1999). The former study

showed no significant impairment of neurite outgrowth at

4-HNE concentrations below 25 lM, and found no sig-

nificant cell death. These discrepancies could be the result

of differences in cell types, period of 4-HNE exposure and

extent of cell density (Kokubo et al. 2008). For example,

within the present study there was enhanced sensitivity of

the mouse DRG neuronal cultures to 4-HNE. It is worth

noting that one of the key pathological features of diabetic

neuropathy as observed in humans and in animal models

involves the dying back of the longest axons, however,

these neurons do not undergo any overt process of cell

death (Schmidt et al. 1997). Therefore, in our cultured

DRG neurons, we determined the concentration of 4-HNE

at which there was approximately 50% impairment in

neurite outgrowth with no corresponding effect on neuronal

survival. 4-HNE concentration of 2.5 lM appeared to be

Fig. 7 Expression of active mitochondria in 4-HNE-treated adult rat

DRG neurons. Graph showing the levels of active mitochondria over

a period of 24 h. Neurons were grown in defined F12 media

supplemented with N2 additives and neurotrophic factors and treated

with 3.0 lM 4-HNE. Note: neurons were treated with 4-HNE at 24 h.

Values are means ± SEM, n = 48 axons. * P \ 0.05, ** P \ 0.01,

and *** P \ 0.001
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the ideal dose; however, we adjusted this to 3.0 lM taking

into account the slight variability in neuronal numbers from

different cultures.

The important finding in the present study was that

4-HNE was associated with a distally directed reduction in

the levels of actively respiring mitochondria, and with the

formation of swellings along the axons, further implicating

the role of mitochondrial dysfunction in the etiology of the

axon pathology. Also, the fact that the protein adducts of

4-HNE co-localized with actively respiring mitochondria in

areas of swellings along the axons points to the fact that

some mitochondrial proteins might have been modified.

This result, with regard to the localization of mitochondria

to sites of swellings along the axon, agrees with in vitro

studies by the Connolly group (Greenwood et al. 2007).

Western blot analysis of mitochondria isolated from adult

STZ-diabetic and normal rats indicate that one of the target

proteins for 4-HNE adduction might be cytochrome C

oxidase (Complex IV enzyme), although, other targets such

as succinate dehydrogenase have been reported (Lashin

et al. 2006). Also, studies concerning adduction of 4-HNE

to proteins have demonstrated its ability to inhibit a variety

of enzymes including complex IV of the mitochondrial

respiratory chain (Isom et al. 2004). Cytochrome C is

essential for the translocation of electrons between Com-

plex III and IV, a key process that generates the proton

gradient that drives ATP synthase activity (Complex V)

(Nicholls and Ward 2000). Modification of this key enzyme

in the electron transport chain could result in diminished

ATP production. A reduction in ATP synthesis in the axon

from either disruption in proton gradient generation or

improper mitochondrial localization could lead to decreased

Na?–K? ATPase function, resulting in a rise in intracellular

Na? and a reversal of Na?–Ca2? exchanger function

(Waxman 2006). The outcome could be an increase in

intracellular Ca2? to damaging levels, ultimately resulting

in axonal degeneration (Duchen et al. 2008; Verkhratsky

and Fernyhough 2008). It should be noted that abnormal

Ca2? homeostasis is also a key feature of sensory neuron

dysfunction in animal models of type 1 and type 2 diabetes

(Huang et al. 2002; Verkhratsky and Fernyhough 2008).

Moreover, we believe the presence of axonal swellings

mediated by an accumulation of modified mitochondria

and/or aberrantly phosphorylated neurofilament proteins

could physically obstruct the movement of mitochondria

toward the axonal terminals. Disruption of proper mito-

chondrial motility and localization is believed to interfere

with normal axonal and synaptic function and could likely

result in distal axonal degeneration (Baloh 2008).

In conclusion, we propose that increased intracellular

levels of 4-HNE leads to the modification of key mito-

chondrial proteins through adduct formation, this causes a

disruption in the activity and localization of mitochondria

and could trigger an impaired bioenergetic state within

axons, eventually leading to axonal degeneration. The

axonal degeneration induced by 4-HNE closely resembles

aberrant axon morphology observed in neurons from a

diabetic background, a key feature in both settings is the

presence of 4-HNE-labeled axonal swellings. In summary,

these results implicate lipid peroxidation and 4-HNE

adduct formation, possibly targeted to the mitochondrion,

in the neurodegenerative processes central to the etiology

of diabetic sensory neuropathy.
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