
Involvement of PI3K/PKG/ERK1/2 signaling pathways in cortical
neurons to trigger protection by co-treatment of acetyl-L-carnitine
and α-lipoic acid against HNE-mediated oxidative stress and
neurotoxicity: Implications for Alzheimer's disease.

Hafiz Mohmmad Abdul1,2 and D. Allan Butterfield1,2
1Department of Chemistry, Center of Membrane Sciences, University of Kentucky, Lexington,
Kentucky 40506-0055, USA

2Sanders-Brown Center on Aging, University of Kentucky, Lexington, KY 40536.

Abstract
Oxidative stress has been shown to underlie neuropathological aspects of Alzheimer's disease (AD).
4-Hydroxy-2-nonenal (HNE) is a highly reactive product of lipid peroxidation of unsaturated lipids.
HNE-induced oxidative toxicity is a well-described model of oxidative stress-induced
neurodegeneration. GSH plays a key role in antioxidant defense, and HNE exposure causes an initial
depletion of GSH that leads to gradual toxic accumulation of reactive oxygen species. In the current
study, we investigated whether pre-treatment of cortical neurons with acetyl-L-carnitine (ALCAR)
and α-lipoic acid (LA) plays a protective role in cortical neuronal cells against HNE-mediated
oxidative stress and neurotoxicity. Decreased cell survival of neurons treated with HNE correlated
with increased protein oxidation (protein carbonyl, 3-nitrotyrosine) and lipid peroxidation (HNE)
accumulation. Pretreatment of primary cortical neuronal cultures with ALCAR and LA significantly
attenuated HNE-induced cytotoxicity, protein oxidation, lipid peroxidation and apoptosis in a dose-
dependent manner. Additionally, pretreatment of ALCAR and LA also led to elevated cellular GSH
and heat shock proteins (HSPs) levels compared to untreated control cells. We have also determined
that pretreatment of neurons with ALCAR and LA leads to the activation of phosphoinositol-3 kinase
(PI3K), PKG and ERK1/2 pathways, which play essential roles in neuronal cell survival. Thus, this
study demonstrates a cross talk between the PI3K, PKG and ERK1/2 pathways in cortical neuronal
cultures that contributes to ALCAR and LA-mediated pro-survival signaling mechanisms. This
evidence supports the pharmacological potential of co-treatment of ALCAR and LA in the
management of neurodegenerative disorders associated with HNE-induced oxidative stress and
neurotoxicity, including AD.

Introduction
The Alzheimer's disease (AD) brain is under extensive oxidative stress, evidenced by
significant protein oxidation, lipid peroxidation, and DNA oxidation (1-3). AD is characterized
by deposition of amyloid β-peptide [Aβ (1-42)] (4). Aβ (1-42) induces lipid peroxidation in
ways that are inhibited by free radical antioxidants (2,3). One of the reactive products of lipid
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peroxidation is 4-hydroxy-2-trans-nonenal (HNE), which covalently binds to cysteine,
histidine, and lysine residues by Michael addition (5) and changes protein conformation and
function. HNE binding to proteins, which introduces a carbonyl to the protein, makes the
protein oxidatively modified as a consequence of lipid peroxidation (6). HNE has been found
to be increased in AD brain (7,8).

Previous studies have shown that, though still an unsettled question, apoptosis may contribute
among the mechanisms of neuronal loss in AD brain (9). The AD brain is under oxidative stress
indexed by, among other markers, lipid peroxidation (3,6). A large body of evidence indicates
that lipid peroxidation is directly responsible for the generation of the apoptotic phenotype
(10). Many agents that induce apoptosis are also stimulators of cellular oxidative metabolism
(11), and many inhibitors of apoptosis have antioxidant activities or enhance cellular
antioxidant defenses (12,13).

Acetyl-L-carnitine (ALCAR) is present in high concentration in the brain and is involved in
the production of acetylcholine (14). ALCAR has been shown to improve mitochondrial
function and reverse age-related deficits (15). α-Lipoic acid (LA) is an essential cofactor in
mitochondrial dehydrogenase reactions, functions as an antioxidant and reduces oxidative
stress in aged animals (16). LA and its reduced form, dihydrolipoic acid (DHLA), protects
neuronal cultures from oxidative stress, when treated with amyloid beta-peptide (Abeta 25-35)
and iron/hydrogen peroxide [Fe/H2O2] (17). Therefore, in the present study, we evaluated the
role of ALCAR and LA co-treatment, to demonstrate its possible protective effects against
HNE-induced oxidative stress and neurotoxicity in cortical neuronal cells.

The brain is susceptible to oxidative stress compared to other tissues (18) and to combat this
stress, the cells respond by induction of groups of protective proteins, one of which is heat
shock proteins [Hsps] (19). Expression of the genes encoding Hsps has been found in neurons
(20,21). Hsps serve as molecular chaperones and among the various Hsps, Hsp32 (also known
as HO-1) and Hsp72 have been recently demonstrated to play neuroprotective role against
oxidative stress (20). HO-1 is the inducible form of a group of enzymes that catalyze heme
degradation to form the antioxidant biliverdin and CO (22). Overexpression of human HO-1
gene has been shown to result in a stable increase of HO activity associated with
neuroprotection against oxidative injury (23). Hsp70 (also referred to as Hsp72) is an inducible
form, which is induced in the nervous system in a variety of neurodegenerative and metabolic
disorders (24,25).

The PI3K/Akt pathway has been found to consistently serve a pro-survival function in neurons
exposed to various apoptosis-inducing stimuli (26). Akt (a serinethreonine kinase, also known
as protein kinase B) is a key upstream component of anti-apoptosis processes associated with
activated phosphoinositide 3-kinase (PI3K). PI3K phosphorylates membrane-localized
phosphoinositides and leads to translocation of Akt from cytoplasm to the plasma membrane,
the site of Akt phosphorylation (27). Phosphorylated Akt (phospho-Akt) acts both to stimulate
anti-apoptotic factors and to inhibit pro-apoptotic factors [e.g., BAD and caspase-9] (27). The
mitogen activated protein kinase (MAPK) family member, extracellular signal-regulated
kinase (ERK), is activated by a wide range of stimuli that acts on a diverse range of cellular
targets (28,29). In neurons, ERK can function to either support cell survival or promote cell
death (30). In neurons, there is much evidence to support significant cross talk between PI3K
and [ERK] (31,32) with the potential for PI3K to act as a required upstream activator of ERK.

In the present study we show that ALCAR and LA protect cortical neurons against HNE-
induced protein oxidation, lipid-peroxidation, loss of mitochondria function, and DNA
fragmentation by up-regulating GSH and Hsps levels and by triggering PI3K, PKG and ERK1/2
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signaling pathways, thereby inducing the expression of anti-apoptotic and anti-oxidant
proteins.

MATERIALS AND METHODS
Chemicals

All chemicals were of the highest purity and were obtained from Sigma (St. Louis, MO) unless
otherwise noted. HNE was purchased from Cayman chemicals (Ann Arbor; MI). ALCAR
(99.99% pure) was a generous gift from Sigma Tau Pharma. (Pomezia, Italy). Anti-HO-1, anti-
Hsp72, anti-MnSOD, anti-phospho ERK1/2, anti-phospho-BAD, anti-Bcl2, anti-GAPDH and
anti-iNOS were obtained from Stressgen Biotechnologies. The OxyBlot protein oxidation
detection kit was purchased from Chemicon International (Temecula, CA). Anti-4-
hydroxynonenal was purchased from Alpha Diagnostic International (San Antonio, TX).
KT5823 (PKG inhibitor), LY294002 (PI3K inhibitor), PD98059 (ERK1/2 inhibitor),
SB202190 (p38-SAPK inhibitor) and SP600125 (JNK inhibitor) were obtained from
Calbiochem.

Cell Culture Experiments
Neuronal cultures were prepared from 18-day-old Sprauge-Dawley rat fetuses (33). HNE
stocks were prepared in sterile phosphate buffer saline (PBS), pH 7.5 prior to addition to
cultures. The final concentration of the HNE in the cell culture was 10 μM and its effects on
the neuronal culture were measured after 24 h of exposure. These concentrations and time were
chosen based on prior studies of HNE produced by Aβ (1-42) or HNE-only experiments (34,
35). Inhibitors of HO-1, Hsp72 and iNOS proteins; Zinc protoporphyrin IX (ZnPP IX),
quercitin, L-NMMA (a nonisoform-specific nitric oxide synthase inhibitor), respectively or
KT5823 (the PKG inhibitor) or SB202190 (the p38-SAPK inhibitor) or SP600125 (the JNK
inhibitor) or LY294002 (the PI3K inhibitor), or PD98059 (the ERK1/2 inhibitor) were added
singly to the cell culture 1 h before addition of ALCAR+LA singly, which was added 2 hr prior
to addition of 10 μM HNE. The concentrations of ALCAR used in this study were those used
by Ishii et al., (36) and the concentration of LA according to Vincent et al. (37).

Sample Preparation
The samples were homogenized in a 10 mM HEPES buffer (pH 7.4) containing 137 mM NaCl,
4.6 mM KCl, 1.1 mM KH2PO4, 0.6 mM MgSO4, and protease inhibitors leupeptin (0.5 lg/
ml), pepstatin (0.7 lg/ml), type II S soybean trypsin inhibitor (0.5 lg/ml), and
phenylmethylsulfonyl fluoride (PMSF; 40 lg/ml). The protein concentration was estimated by
using the Pierce BCA method.

Determination of cell viability
Mitochondrial function was evaluated by the 3-[4,5-dimethylthiazol-2-yl)-2,5-diphenyl]
tetrazolium bromide (MTT) reduction assay. This cell proliferation assay was used as a
quantitative colorimetric method for measurements of cellular cytotoxicity. Briefly, MTT was
added to each well with a final concentration of 1.0 mg/ml and incubated for 1 h in CO2
incubator. The dark blue formazan crystals formed in intact cells were extracted with 250 μl
of dimethyl sulfoxide, and the absorbance was read at 595 nm with a microtiter plate reader
(Bio-Tek Instruments, Winooski, VT). Results were expressed as the percent MTT reduction
of control cells (untreated cells).

Analysis of DNA fragmentation
The nuclear staining with Hoescht 332584 (1 μg/ml) followed by propidium iodide (PI) [5
μg/ml] staining provided morphological discrimination between normal and apoptotic cells as
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measured and detected by fluorescence microscopy (38). Cortical neuronal cells were treated
with 10 μM HNE alone for 24 h or pretreated with ALCAR (75 μM) +LA (50 μM) or 75 μM
ALCAR alone or 50 μM LA alone (for 2 h) followed by HNE (10 μM) and incubated for 24
h. Cultures were rinsed three times in PBS, fixed with 4% paraformaldehyde for 10 min at 37°
C, rinsed, and stained with Hoechst 332584 or PI for 10 min at room temperature. Images were
obtained sequentially with Hoechst 332584, and then PI. Random areas (approximately ten)
in the cell culture dishes were selected, and the number of apoptotic cells was counted in
neurons from control (untreated cells) and treated samples. The average of the apoptotic cells
in each of the respective groups was determined as a percentage of the control (untreated cells).

Measurement of protein carbonyls
Protein carbonyls are an index of protein oxidation and were determined immunochemically.
Samples (5 μl) were incubated for 20 min at room temperature with 5 μl of 12% sodium dodecyl
sulfate (SDS) and 10 μl of 2,4-dinitrophenylhydrazine (DNPH) that was diluted 10 times with
PBS (pH 7.5) from a 200 mM stock. The samples were neutralized with 7.5 μl of neutralization
solution (2 M Tris in 30% glycerol). Derivatized protein samples were loaded onto
nitrocellulose membrane (under vacuum pressure) with a slot blot apparatus (250 ng/well).
The membrane was blocked with 5% bovine serum albumin (BSA) in phosphate-buffered
saline (PBS) containing 0.2% (v/v) Tween 20 (wash blot) for 1 h and incubated with a 1:100
dilution of anti-DNP polyclonal antibody in wash blot for 1 h. After completion of the primary
antibody incubation, the membranes were washed three times in wash blot for 5 min each. An
anti-rabbit IgG alkaline phosphatase secondary antibody was diluted 1:8,000 in wash blot and
added to the membrane for 1 h. The membrane was washed in wash blot three times for 5 min
each and developed using Sigmafast Tablets (BCIP/NBT substrate). Blots were dried, scanned
with Adobe Photoshop (San Jose, CA), and quantitated with Scion Image (PC version of
Macintosh-compatible NIH Image) software. Controls in which carbonyls were reduced to
alcohol by NaBH4 showed no detection of carbonyls by these immunochemical methods,
demonstrating specificity of carbonyls and lack of non-specific binding by the primary or
secondary antibodies (39).

Measurement of 4-hydroxy-2-trans-nonenal
Levels of HNE were quantified by slot-blot analysis as described previously (8). Samples (10
μl) were incubated with 10 μl of modified Laemmli buffer containing 0.125 M Tris base pH
6.8, 4% (v/v) SDS, and 20% (v/v) glycerol. The resulting sample (250 ng) was loaded per well
in the slot blot apparatus. Samples were loaded onto a nitrocellulose membrane under vacuum
pressure. The membrane was blocked with 5% (w/v) BSA in wash blot for 1 h and incubated
with a 1:5000 dilution of anti-4-hydroxynonenal (HNE) polyclonal antibody in wash blot for
90 min. Following completion of the primary antibody incubation, the membranes were washed
three times in wash blot for 5 min each. An anti-rabbit IgG alkaline phosphatase secondary
antibody was diluted 1:8000 in wash blot and added to the membrane for 90 min. The membrane
was washed in wash blot three times for 5 min and developed using Sigma fast Tablets (BCIP/
NBT substrate). The membrane was developed using Sigmafast tablets (BCIP/NBT substrate).
The blot was dried, scanned with Adobe Photoshop, and quantitated with Scion Image (PC
version of Macintosh-compatible NIH Image) software.

Measurement of 3-nitrotyrosine (3NT)
The sample (10 μl) was incubated with 10 μl of modified Laemmli buffer containing 0.125 M
Tris base, pH 6.8, 4% (v/v) SDS, and 20% (v/v) glycerol. The resulting samples were loaded
onto nitrocellulose membrane (under vacuum pressure) with a slot blot apparatus (250 ng/well).
The membrane was blocked with 5% (w/v) BSA in wash blot for 1 h and incubated with a
1:2000 dilution of 3-NT polyclonal antibody in wash blot for 90 min. Following completion
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of the primary antibody incubation, the membranes were washed three times in wash blot for
5 min each. An anti-rabbit IgG alkaline phosphatase secondary antibody was diluted 1:8000
in wash blot and added to the membrane for 120 min. The membrane was washed in wash blot
three times for 5 min and developed using Sigmafast tablets (BCIP/NBT substrate). Blots were
dried, scanned with Adobe Photoshop, and quantitated with Scion Image (PC version of
Macintosh-compatible NIH Image) software.

Western blot analysis
Neuronal cultures were incubated with 10 μM HNE alone for 24 h or pretreated with ALCAR
(75 μM) +LA (50 μM) or ALCAR (75 μM) alone or LA (50 μM) alone, 2 h prior to addition
of HNE. Protein content of the cells was determined using the Bio-Rad protein assay reagent
(BCA). Equal amounts of proteins were separated on 4-15% SDS-polyacrylamide gels,
transferred to nitrocellulose membrane, and then probed with appropriate antibodies. HO-1,
Hsp-72, iNOS, phospho-ERK1/2, phospho-BAD, Bcl2, MnSOD, thioredoxin and GAPDH
were detected with specific primary antibodies. After incubation with the primary antibodies,
the nitrocellulose membranes were incubated with a secondary alkaline phosphatase-
conjugated antibody. Proteins were visualized by developing with Sigmafast tablets (BCIP/
NBT substrate). Blots were dried, scanned with Adobe Photoshop, and quantitated with Scion
software.

Statistical Analysis
Results were expressed as means ± SD from at least 5 independent samples. Each experiment
was repeated at least three times to confirm the reproducibility of findings. Multiple groups
were analyzed by one-way analysis of variance (ANOVA) followed by a post hoc Student-
Newman-Keuls test. P < 0.05 was considered significant.

RESULTS
ALCAR and LA inhibited HNE-induced protein oxidation and lipid-peroxidation

Protein carbonyls are elevated in vulnerable regions of AD brain (40-42). Accumulation of
HNE (7,8) and elevated 3-NT (43,44) in AD brain has also been reported. In the present study,
a concentration-dependent study (with various combinations of ALCAR and LA) was carried
out (Table 1) in the cortical neurons. A 29% significant increase in carbonyl (p <0.02) or HNE
(p < 0.05) or 3-NT (p < 0.05) levels, respectively, was observed in neurons following 24 h of
treatment with 10 μM HNE (Table 1). Pretreatment of neurons with ALCAR and LA at different
combinations of concentrations was shown to partially inhibit HNE-mediated protein oxidation
and lipid-peroxidation. However, with ALCAR (75 μM) +LA (50 μM), there was a maximum
significant decrease in the protein oxidation (p < 0.005) (Table 1) and lipid-peroxidation (p <
0.005) (Table 1). Pretreatment of cells with ZnPP IX or quercitin independently followed by
ALCAR (75 μM) +LA (50 μM) and then 10 μM HNE produced less protection against HNE-
induced protein carbonyl, HNE and 3-nitrotyrosine formation, compared to control than the
protection produced by pretreatment of ALCAR (75 μM) +LA (50 μM) (p < 0.05) [data not
shown]. In the presence of L-NMMA, there was less protection against HNE-induced 3-NT
formation and a comparatively smaller effect on protein carbonyls or HNE formation [data not
shown].

ALCAR and LA protect mitochondria from HNE-mediated dysfunction
HNE was shown to decrease MTT reduction by 50% compared with untreated control (Fig.
1). Treatment of neurons with 75 μM ALCAR alone or 50 μM LA alone for 24 h did not show
any change in MTT reduction compared to the control. Pretreatment of neurons with ALCAR
and LA, at different combinations of concentrations, was shown to partially protect neurons
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against HNE-mediated mitochondrial dysfunction. However, pretreatment of ALCAR (75
μM) + LA (50 μM) [2 h prior] followed by 10 μM HNE showed maximum significant (p <
0.05) protection of mitochondrial function compared with that induced by 10 μM HNE alone,
but still a significant decrease in MTT reduction compared with untreated control was observed
(Fig.1). These results are consistent with the concentration of ALCAR+LA that protected
neurons against HNE-mediated protein oxidation and lipid peroxidation (Table. 1). Since
ALCAR (75 μM) + LA (50 μM) protected neurons against protein oxidation, lipid peroxidation
and prevented loss of mitochondrial function, this concentration was used for all subsequent
experiments.

ALCAR and LA protects against HNE-mediated induction of neuronal apoptosis
Phase-contrast microscopy was used to examine the morphological changes in the neurons
following treatment (Fig. 2). Neurons that were exposed to 10 μM HNE for 24 h (Fig. 2a)
showed loss of their neuronal network, membrane blebbing and cell shrinkage, processes that
are normally associated with apoptotic cell death. Conversely, neurons pretreated with ALCAR
(75 μM) + LA (50 μM) 2 h prior to addition of HNE or ALCAR (75 μM) alone or LA (50
μM) alone (Fig. 2a), showed intact networks and cell bodies similar to those of control neurons
(Fig. 2a). To further investigate and confirm the results obtained from the above MTT assay,
neuronal apoptosis studies were carried out using Hoechst and PI staining. Neurons treated
with 10 μM HNE (Fig. 2b, c) showed extensive apoptotic bodies by both stains, from which
we conclude that late apoptotic and necrotic cells are found under the conditions of this
experiment. In contrast, pretreatment of neurons with 75 μM ALCAR + 50 μM LA followed
by addition of HNE (Fig. 2b, c) resulted in a significant (p < 0.005) reduction in apoptotic cells.
ALCAR (75 μM) alone or LA (50 μM) alone treated neurons were similar to those of untreated
control cells. The averages of late apoptotic cells were calculated and are reflected in the bar
graph (Fig. 2d).

ALCAR and LA increases endogenous GSH levels
An assay to measure the total GSH levels was conducted (Fig. 3) to determine whether ALCAR
+LA protected neurons by up-regulating GSH. HNE treatment led to a significant reduction
(p <0.05) in cellular GSH (50% compared to the untreated control cells). Treatment of cells
with ALCAR (75 μM) + LA (50 μM) alone led to a mean 20% significant (p < 0.05) increase
in GSH compared with control (untreated cells). However, ALCAR+LA pretreatment followed
by addition of HNE raised total GSH levels significantly (p < 0.05) to more than 80% of control.
That is, pretreatment of cortical neuronal cells with ALCAR (75 μM) + LA (50 μM) apparently
led to elevated GSH levels. Indeed, compared to HNE-treated controls, ALCAR (75 μM) +
LA (50 μM) pretreatment followed by HNE addition led to about 50% increase in brain GSH
(p < 0.05).

Protection of neurons against HNE-induced toxicity is associated with ALCAR and LA-
mediated up-regulation of HO-1, Hsp72 and down-regulation of iNOS

Cortical neuronal cells treated with 10 μM HNE showed a significant 3-fold increase (p <
0.005) in HO-1 protein levels, consistent with oxidative tress-induced cellular response (21).
Treatment of cells with 75 μM ALCAR + 50 μM LA alone, induced HO-1 by 4-fold (p < 0.005)
compared to untreated control neurons (Fig. 4a,4c). Pre-treatment of neurons with 75 μM
ALCAR+50 μM LA or 75 μM ALCAR alone or 50 μM LA alone followed by addition of HNE
(Fig. 4a,4c) resulted in a significant (p < 0.005) 8- or 4-fold increase, respectively, in HO-1
induction, compared to the control. A significant (p < 0.005) 3-fold increase in Hsp72 protein
(Figs 5a,5c) levels was observed in HNE treated cells compared to untreated control neurons,
and treatment of cells with 75 μM ALCAR + 50 μM LA alone significantly (p < 0.005)
increased (4-fold) Hsp72 protein levels compared to untreated control neurons. Pretreatment
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of neurons with 75 μM ALCAR+50 μM LA or 75 μM ALCAR alone or 50 μM LA alone, in
each case followed by treatment of HNE (Fig. 5a,5c), resulted in a significant (p < 0.005) 7-
or 4-fold increase, respectively, in Hsp72 induction, compared to the control. The large amount
of NO produced by iNOS has been closely correlated with the pathophysiology in AD (44)
and inflammation (45). As shown in Fig. 6, iNOS levels were significantly (p < 0.005) increased
by more than 4-fold in HNE-treated primary neuronal cells. The iNOS levels in neurons treated
with 75 μM ALCAR + 50 μM LA alone were similar compared to the control (untreated cells).
However, pretreatment of neurons with 75 μM ALCAR+50 μM LA alone or 75 μM ALCAR
alone or 50 μM LA alone, in each case followed by addition of HNE (Fig. 6a, 6c), resulted in
a significant (p < 0.005) 4-fold decrease in iNOS levels, compared to the HNE-treated neurons.

ALCAR and LA-mediated neuroprotection against HNE toxicity involves activation of
multiple signaling pathways

To explore the molecular mechanisms underlying ALCAR+LA-mediated protective effects
against HNE neurotoxicity, we screened five different pharmacological inhibitors each targeted
at a specific signaling pathway to test which pathway may be capable of modulating the
ALCAR+LA neuroprotective effect. The results suggest that (Fig. 7a. 7b, 7c), ALCAR+LA-
mediated neuroprotection against HNE-induced toxicity could be significantly (p< 0.05)
antagonized, either completely or partially, by KT5823 (PKG inhibitor), LY294002 (PI3K
inhibitor), and PD98059 (ERK1/2 inhibitor), but not by SB202190 (p38-SAPK inhibitor) or
SP600125 (JNK inhibitor), suggesting that PKG, PI3K and ERK1/2 pathways may be involved
in mediating ALCAR+LA neuroprotective action. The treatments with the inhibitors noted
above had a minimal effect on control cells when added alone.

Role of PKG pathway in ALCAR+LA-mediated neuroprotection
Guanylyl cyclase activation by nitric oxide (NO) results in elevation of cellular cGMP levels,
and subsequent activation of PKG is a pro-survival signaling pathway in the nervous system
(46). The PKG inhibitor (KT5823) significantly (p< 0.05) suppressed ALCAR+LA-mediated
neuroprotection against HNE (Fig. 7a. 7b, 7c), suggesting the involvement of the PKG pathway
in mediating ALCAR+LA neuroprotective action. We therefore tested whether direct
activation of PKG is capable of mimicking ALCAR+LA-mediated neuroprotection. To test
this hypothesis 8-Br-cGMP (a NO-independent stimulator of PKG) was used in this study. The
cortical neurons were pretreated with 8-Br-cGMP (2 h prior) followed by the addition of 10
μM HNE, incubated for 24h following which oxidative stress parameters were studied. The
results shown (Fig. 8a, 8b, 8c) demonstrate that 15μM 8-Br-cGMP protected neurons against
HNE-induced oxidative stress (protein-oxidation and lipid-peroxidation), indicative of a
neuroprotective role of the PKG signaling cascade against HNE toxicity in cortical neurons.

Phosphorylation of ERK1/2
Active PKG may promote the phosphorylation of ERK1/2, thereby inducing the expression of
antiapoptotic and antioxidative genes (47). Since ALCAR+LA-mediated neuroprotective
effects are abrogated by PD98059, the ERK1/2 inhibitor (Fig. 7a. 7b, 7c), we therefore analyzed
the phosphorylation status of ERK1/2. The results (Fig. 9) suggest that HNE reduced the
cellular contents of phospho-ERK1/2 in cortical cultures; in contrast, pretreatment of neurons
with 75 μM ALCAR+50 μM LA slightly enhanced ERK1/2 phosphorylation (Fig. 9).
Treatment of 75μM ALCAR+50μM LA alone increased 2-fold ERK1/2 phosphorylation,
compared to the untreated control cells (Fig. 9).
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ALCAR and LA-mediated PKG-dependent induction of anti-apoptotic and antioxidant
proteins

Recently it has been shown that cGMP-dependent expression of thioredoxin plays a pivotal
role in neuroprotection against oxidative stress (48). We therefore explored the possible
contribution of thioredoxin in the observed ALCAR+LA -mediated neuroprotection against
HNE toxicity. HNE significantly attenuated thioredoxin levels compared to the control
(untreated cells), whereas treatment of ALCAR+LA alone enhanced thioredoxin levels
(partially) compared to HNE treated neuronal cells (Fig. 10a). However, pretreatment of
neurons with 75μM ALCAR+50μM LA or 75 μM ALCAR alone or 50 μM LA alone followed
by addition of HNE enhanced thioredoxin protein levels (Fig. 10a), which was down-regulated
by HNE, suggesting a neuroprotective effect of ALCAR+LA against HNE-induced down-
regulation of thioredoxin (Fig. 10a).

It has recently been demonstrated that cGMP and PKG are intermediate effectors for NO-
dependent induction of the antiapoptotic Bcl2 protein in cerebellar granule neuronal cultures
(49). Additionally, the NO-cGMP-PKG pathway mediated the preconditioning-induced
upregulation of antiapoptotic protein Bcl2 and MnSOD in SHSY5Y neuroblastoma cells
(50). We therefore examined the possible contribution of MnSOD and Bcl2 in the observed
ALCAR+LA -mediated neuroprotection against HNE toxicity. The results suggest that
ALCAR+LA enhanced MnSOD (Fig. 10c) and Bcl2 (Fig. 10e) expression that was down-
regulated by HNE in cortical neurons.

PI3K/Akt pathway involvement in ALCAR+LA -mediated neuroprotection against HNE
toxicity

Our data in this study also indicated that LY294002 (a PI3K inhibitor) abolished ALCAR+LA-
mediated neuroprotective effects against HNE toxicity (Fig. 7a, 7b, 7c). PI3K-mediated
activation of Akt leads to BAD phosphorylation (26). We therefore examined the effects of
ALCAR+LA and HNE on the phosphorylation status of BAD protein. Western blot analysis
using an antibody specifically recognizing phospho-BAD revealed that HNE decreased the
extent of BAD-phosphorylation, which was reversed by ALCAR+LA pretreatment (Fig. 11a).
Pretreatment of neurons with 75 μM ALCAR alone or 50 μM LA alone followed by the addition
of HNE, partially reversed the effect of HNE (Fig. 11a).

Discussion
We previously have shown that ALCAR protected neurons against Aβ (1-42)-induced
oxidative stress, mitochondrial dysfunction and neurotoxicity, in primary cortical cultures
(51). In the present study, we show that ALCAR+LA pretreatment, protected against HNE-
induced oxidative stress (protein oxidation and lipid-peroxidation), mitochondrial dysfunction
and neurotoxicity in cortical cultures. Furthermore, HNE-mediated neuronal death can be
antagonized effectively by application of ALCAR+LA, via activation of multiple pro-survival
signaling pathways including PI3K/Akt and cGMP/PKG.

LA functions as an antioxidant and reduces oxidative stress in aged animals (16) and its reduced
form, dihydrolipoic acid (DHLA) protects neuronal cultures from Aβ (25-35) or iron/hydrogen
peroxide-induced oxidative stress (17). ALCAR is the L-carnitine ester of acetic acid and is
synthesized in the brain, kidney and liver by the enzyme acetyl carnitine transferase. ALCAR
is suggested to enhance learning capacity in aging animals (52) and acts a source of acetyl
groups available for synthesis for acetylcholine (53). ALCAR crosses the blood-brain barrier,
improves neuronal energetic and repair mechanism, decreases the level of lipid peroxidation
in the aged rat brain (54), is involved in mitochondrial metabolism (15) and may have anti-
oxidant properties (54,55). However, the precise mechanism of action by which ALCAR may
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be neuroprotective in aging and neurodegeneration, is not known. HNE is an aldehydic
molecule generated endogenously during the process of lipid peroxidation and is causally
involved in many of the pathophysiological effects associated with oxidative stress in cells and
tissues (56). HNE is believed to be largely responsible for cytopathological effects observed
during oxidative stress in vivo and is one of the most studied cytotoxic products of lipid
peroxidation (56). As noted, HNE-adducts are been reported in AD brain (7,8,57).

The exact role of HNE in neurodegenerative disorders has yet to be established, but it is
acknowledged that HNE is a highly toxic compound capable of causing neuronal cell death
(58). We postulated that pretreatment of ALCAR+LA might protect neurons against HNE-
mediated oxidative stress. Pretreatment of ALCAR+LA partially reduced the neurotoxic
effects of HNE, with the maximum significant protective dosage at ALCAR (75μM) +LA
(50μM) (Fig. 1). Consistent with this result, pretreatment of ALCAR (75μM) +LA (50μM)
also reduced cell death in cortical cultures caused by HNE (Fig. 1). It was shown that Aβ
peptide induces apoptosis in mouse neuronal cultures (59). Earlier studies reported (60)
evidence for DNA fragmentation in neurons from subjects with AD. Mitochondria are
particularly vulnerable to oxidative damage and mitochondrial dysfunction has been observed
in AD brain (61). In the present study, we studied the cytotoxic effects (by MTT assay) and
morphological changes by examining the dynamic neuronal-network processing in the HNE
or ALCAR+LA treated cortical neurons. The results suggest that there is an extensive loss of
neuronal connections as well as the presence of dying cells in the HNE treated cells (Fig. 2a,
2b, 2c). Pretreatment of neurons with ALCAR (75μM) +LA (50μM) alone prevented the
change in neuronal morphology, resulting in morphology almost similar to that of control cells
(without treatment) consistent with a protective role for ALCAR and LA.

To further confirm our results, Hoechst or PI staining were used to detect the presence of
apoptotic bodies as an indication of apoptotic cells, and pretreatment of ALCAR (75μM) +LA
(50μM) showed an anti-apoptotic effect on HNE-treated neuronal cells by reducing the
formation of apoptotic bodies. ALCAR (1 – 100μM) promoted neuronal survival and
mitochondrial activity in a concentration-dependent manner attenuating DNA fragmentation
and nuclear condensation in cultured neurons (36). Prolonged pretreatment with LA protects
cultured neurons against hypoxic, glutamate, or iron or Aβ-induced injury (17,62). Our results
are consonant with the above studies that suggest the antiapoptotic action of ALCAR and LA
contributes to their neuroprotective effect.

HNE treatment of the cells (rat liver epithelial RL34) resulted in depletion of intracellular
glutathione (GSH) and in the formation of protein-bound HNE in plasma membrane. HNE
normally is detoxified by conjugation with GSH (63). Aβ (1-42) has been shown to deplete
GSH levels in astrocytes (64), leaving neurons vulnerable to ROS attack (65) leading to a
significant loss of neurons in vitro. In the present study, HNE significantly depleted the cellular
GSH level in the cortical neuronal cells. Moreover, treatment of neurons with 75 μM ALCAR
+50 μM ALCAR alone was shown to elevate GSH levels (Fig. 3) 24 h after administration.
Upon pretreatment with 75 μM ALCAR+50 μM ALCAR followed by 10 μM HNE, GSH levels
ameliorated compared to HNE treated cells. As such, increasing GSH levels in the
mitochondria may prove to be an important therapeutic approach to prevent cell death in
oxidative stress-linked, age-dependent neurodegenerative disorders (66). Taken together, these
results suggest ALCAR+LA induces up-regulation of GSH, which, in turn, protects neurons
against protein oxidation and neurotoxicity.

Increasing evidence now underscores the role of heme-oxygenase (HO) in cell protection
against oxidative stress, such as free radicals and certain degenerative diseases, as well as the
ageing process in which enhanced HO activity seems to have an antioxidant effect (21). A
number of in vitro studies show that both heat shock and Hsp overproduction protect CNS cells
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against glutamate-mediated toxicity or lethal acidosis (67,68). In addition, Hsp70 has been
demonstrated to inhibit caspase-3 activation caused by ceramide (69). This insight has opened
new perspectives in medicine and pharmacology, as possible candidates for novel
cytoprotective strategies (21,25,70,71). In this study, we tested the hypothesis that ALCAR
+LA protects primary neuronal cell cultures against HNE-mediated oxidative stress and
neurotoxicity by up- regulating Hsp's (Fig. 4a,4c,5a,5c). Our results also suggested that
inhibition of HO-1, Hsp72, or iNOS proteins by the inhibitors ZnPP IX, quercitin, or L-NMMA,
respectively, abrogated the protective effect of 75 μM ALCAR+50 μM LA (data not shown),
demonstrating that HO-1 or Hsp72 or iNOS are likely involved in the ALCAR+LA-mediated
cytoprotection against HNE-induced oxidative stress. It has been recently demonstrated that
LA induces HO-1 expression in THP-1 monocytic cells via Nrf2 and p38 (72). Our results are
consonant with the recent studies, which shows that ALCAR is cytoprotective against
inflammatory and oxidative insults in astrocytes in part by being able to up-regulate
cytoprotective cellular stress responses, particularly induction of HO-1, while inhibiting
induction of iNOS (73).

ALCAR+LA -mediated attenuation of HNE toxicity, as shown in the present study, appears
to involve several signaling pathways including PKG, ERK1/2 and PI3K. ERK is implicated
in neuronal cell survival and many studies have confirmed its contribution to neuronal cell
survival (74). ERK1/2 is an endogenous negative regulator of gamma-secretase activity (75).
The mechanisms that underlie such varied effects of ERK are unclear but could be based on
differences in both the temporal and spatial pattern of ERK activation induced by the various
treatments (76). Our results on PKG-mediated elevated levels of phospho-ERK1/2 by ALCAR
+LA (Fig. 9) are consistent with the studies that demonstrate active PKG promotes the elevation
of phosphorylated ERK1/2 (47). Activation of PKG pathway results in the induction of
antioxidative and antiapoptotic proteins (47). Recently, cGMP-dependent expression of
thioredoxin, the redox protein with potent antioxidative properties, has been shown to play a
pivotal role in neuroprotection against oxidative stress mediated by estrogen (48). Interestingly,
a decrease in thioredoxin protein level was observed in AD brains as compared to normal
controls (77). Since thioredoxin-II resides in mitochondria, the results in Fig. 10(a) may be
related to the mitochondrial protection induced by ALCAR and LA (Fig. 1). A brief
preconditioning stress by serum deprivation for 2 h also induced neuronal nitric oxide synthase
(nNOS) that was accompanied by up-regulation of Bcl2 via activation of PKG (47). In addition
to Bcl2, cGMP-dependent expression of thioredoxin was also involved in estrogen-induced
neuroprotection against oxidative stress caused by serum deprivation (48). We therefore
investigated the possible contribution of thioredoxin, MnSOD and Bcl2 in the observed
ALCAR+LA-mediated protection against HNE toxicity. Our results are in agreement with the
above studies, as thioredoxin, MnSOD and Bcl2 protein levels were down-regulated by HNE
(Fig. 10a, 10c, 10e), but pretreatment of neurons with 75 μM ALCAR+50 μM LA enhanced
thioredoxin, MnSOD and Bcl2 levels (Fig. 10a, 10c, 10e).

HNE may affect cellular NO levels by causing impairment in activity of constitutive NOS upon
HNE treatment, thereby modulating NO-mediated intrinsic neuroprotective mechanisms (78).
Pharmacological blockade of NO production by a nNOS inhibitor down-regulated the Akt
pathway, causing apoptosis in cerebellar granule cell cultures (49). The PI3K/Akt pathway was
identified as another potentially important signaling pathway downstream of ALCAR+LA in
protecting cortical cultures against HNE-induced oxidative stress and neurotoxicity.
Alterations in the PI3K/Akt/BAD phosphorylation pathway have recently been implicated in
AD pathogenesis. BAD phosphorylation occurs secondary to PI3K-mediated activation of Akt
(26). Akt is activated in response to Aβ25-35 in a PI3K-dependent manner and protects PC12
cells against apoptosis (79). Additionally, down-regulation of Akt also paralleled intracellular
Abeta accumulation in vivo in the Tg2576 AD mouse model, and overexpression of
constitutively active Akt reversed the toxic effects of Abeta through a mechanism involving
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the induction of Hsp70 (80). Since Aβ(1-42) leads to HNE formation (8,35), HNE might initiate
a cascade of biochemical alterations in primary cortical neurons, including dephosphorylation,
and hence inactivation of Akt followed by dephosphorylation of BAD, mitochondrial
depolarization and permeabilization leading to neurotoxicity and cell death. In our studies,
ALCAR+LA enhanced BAD phosphorylation that was attenuated by HNE (Fig.11). These
observations are consistent with the notion that ALCAR+LA is capable of modulating HNE-
mediated down-regulation of the PI3K/Akt/Bad phosphorylation, thereby exerting
neuroprotective action.

NO inhibits apoptosis through its ability to bind to guanylate cyclase, which in turn activates
PKG. Together, these results support the notion that ALCAR+LA may cause PKG activation,
ERK1/2 phosphorylation, induction of antiapoptotic and antioxidative genes, and up-
regulation of PI3K pathway-mediated enhanced BAD phosphorylation.

In conclusion, we have demonstrated that ALCAR+LA protected rat cortical neurons from
HNE-mediated oxidative stress and neurotoxicity. We further identified several signal
pathways that may play pivotal roles in mediating ALCAR+LA neuroprotective action, which
include, PKG activation, ERK1/2 phosphorylation, induction of thioredoxin/MnSOD/Bcl2,
and PI3K-induced BAD phosphorylation and up-regulation of HO-1/Hsp 70 and down-
regulating iNOS (Fig. 12). Activation of these signaling pathways by ALCAR+LA protects
cortical neurons from HNE-mediated oxidative stress and neurotoxicity. ALCAR+LA-
mediated induction of cytoprotective and antiapoptotic proteins may provide a new
combination therapeutic approach for protection of neurons against oxidative stress in AD and
other oxidative stress-related neurodegenerative disorders.
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Fig. 1.
Protective effect of ALCAR+LA on cell viability against HNE-induced cytotoxicity in cortical
neuronal culture. A dose-dependent effect of ALCAR+LA on neuronal cell culture was
assessed by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
reduction assay. The grid bars represent the presence of HNE and the plain bars represent
studies without HNE. The data are the mean ± SD expressed as percentage of control values
obtained for five independent preparations. Statistical comparison was by ANOVA (n=5). Post
hoc analysis was via Student-Newman-Keuls test, and the P values given are compared with
the control. *p < 0.05, **p < 0.005.
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Fig. 2.
Protective effect of ALCAR+LA against DNA fragmentation. The cells were treated as
described in the “Materials and Methods” section, following which cell morphology was
visualized by phase contrast microscope (magnification 100X). The final concentration of
10μM HNE or 75μM ALCAR+50μM LA or 75μM ALCAR alone or 50μM LA alone were
used in the study. (a) The images displayed here are those, which exhibit the maximum
morphological protection at the respective concentration specified. (b) Hoechst staining (c)
propidium iodide staining for DNA fragmentation. Arrows heads indicate apoptotic bodies.
(d) The averages of late-stage apoptotic cells and necrotic cells were calculated and are reflected
in this bar graph. The grid bars are in presence of HNE and the plain bars are without HNE.
The results presented are the mean ± SD expressed as percentage of control values obtained
for five independent preparations. Statistical comparison was by ANOVA (n =5). Post hoc
analysis was via Student-Newman-Keuls test, and the P values given are compared with the
control. *p < 0.005, compared with the untreated control.
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Fig. 3.
GSH assay. Cell cultures were pretreated with ALCAR+LA in a dose-dependant manner (as
described in “Materials and Methods” section) 2 h prior to the addition of HNE following,
which the cells were collected after 24 hr and assayed for total GSH. The grid bars are in
presence of HNE and the plain bars are without HNE. The results are shown as mean ± SD
expressed as percentage of control values obtained for five independent preparations. Statistical
comparison was by ANOVA (n=5). Post hoc analysis was via Student-Newman-Keuls test,
and the P values given are compared with the control. *p<0.005.
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Fig. 4.
ALCAR+LA-mediated up-regulation of HO-1. (a) Representative Western immunoblot
analysis of neuronal cells for HO-1 protein. 100μg of protein were analysed by sodium dodecyl
sulphate–polyacrylamide gel electrophoresis and immunoblotting using a mouse monoclonal
anti-HO-1 antibody. The grid bars are in presence of HNE and the plain bars are without HNE.
Lane 1: control (untreated cells); Lane 2: 10μM HNE; Lane 3: 10 μM HNE+75μM ALCAR
+50μM LA; Lane 4: 75μM ALCAR+10μM LA; Lane 5: 10μM HNE+50 μΜ LA (b) Anti-
GAPDH blot as control for equal protein loading. (c) Densitometric analysis from five
independent experiments (mean ±SD of values expressed as relative units). Significant
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differences were assessed by ANOVA. Post hoc analysis was via Student-Newman-Keuls test,
and the P values given are compared with the control. *p < 0.005.
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Fig. 5.
ALCAR+LA-mediated up-regulation of Hsp72. (a) Representative Western immunoblot
analysis of neuronal cells for Hsp72. The treatments to the samples and method followed were
the same as in Fig. 4(a), and immunoblotting was conducted using a mouse monoclonal anti-
Hsp72 antibody. The grid bars are in presence of HNE and the plain bars are without HNE. (b)
Anti-GAPDH blot as control for equal protein loading. (c) Densitometric analysis from five
independent experiments (mean ±SD of values expressed as relative units). Significant
differences were assessed by ANOVA. Post hoc analysis was via Student-Newman-Keuls test,
and the P values given are compared with the control. *p < 0.005.
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Fig. 6.
ALCAR+LA-mediated down-regulation of iNOS. (a) Representative western immunoblot
analysis of neuronal cells for inducible nitric oxide synthase (iNOS) protein. The treatments
to the samples and method followed were the same as in fig. 4(a) and immunoblotting was
conducted using a mouse monoclonal anti-iNOS antibody. The grid bars are in presence of
HNE and the plain bars are without HNE. (b) Anti-GAPDH blot as control for equal protein
loading. (c) Densitometric analysis from five independent experiments (mean ±SD of values
expressed as relative units). Significant differences were assessed by ANOVA. Post hoc
analysis was via Student-Newman-Keuls test, and the P values given are compared with the
control. *p < 0.005.
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Fig. 7.
ALCAR and LA-mediated neuroprotection via activation of multiple signaling
pathwaysagainst HNE toxicity. KT5823 (the PKG inhibitor), SB202190 (the p38-SAPK
inhibitor), SP600125 (the JNK inhibitor), LY294002 (the PI3K inhibitor), PD98059 (the
ERK1/2 inhibitor) were added singly to the cell culture 1 h before addition of ALCAR+LA
singly, which was added 2 hr prior to addition of 10 μM HNE. The grid bars are in presence
of HNE and the plain bars are without HNE. The results are shown as mean ± SD expressed
as percentage of control values obtained for five independent preparations. Statistical
comparison was by ANOVA (n=5). Post hoc analysis was via Student-Newman-Keuls test,
and the P values given are compared with the control. *p<0.005.
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Fig. 8.
8-Br-cGMP mimics ALCAR and LA-mediated neuroprotective action. The treatments to the
samples and method followed are same as described in “Results”. The grid bars are in presence
of HNE and the plain bars are without HNE. The results are shown as mean ± SD of three
independent measurements obtained for five independent preparations. Statistical comparison
was by ANOVA (n =5). Post hoc analysis was via Student-Newman-Keuls test, and the P
values given are compared with the control. *p<0.05.
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Fig. 9.
ALCAR and LA-mediated phosphorylation of ERK1/2. (a) Representative Western
immunoblot analysis of neuronal cells for phospho-ERK1/2 protein levels. The grid bars are
in presence of HNE and the plain bars are without HNE. Lane 1: control (untreated cells); Lane
2: 75μM ALCAR+50μM LA; Lane 3: 10μM HNE; Lane 4: 10 μM HNE+75μM ALCAR
+50μM LA; Lane 5: 75μM ALCAR; Lane 6: 10μM HNE+75 μM ALCAR; Lane 7: 50 μM
LA; Lane 8: 10μM HNE+50 μM LA (b) Anti-GAPDH blot as control for equal protein loading.
Each experiment was repeated five times with independent samples.
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Fig. 10.
ALCAR and LA-mediated enhanced expression of thioredoxin, MnSOD and Bcl2. The
treatments to the samples and method followed were the same as in Fig. 9. Each experiment
was repeated five times with independent samples.
(a) Representative Western immunoblot analysis of neuronal cells for thioredoxin protein
(probed with mouse polyclonal anti-thioredoxin antibody). (b) Anti-GAPDH blot of 10a (c)
Representative western immunoblot analysis of neuronal cells for MnSOD protein (probed
with mouse monoclonal anti-MnSOD antibody). (d) Anti-GAPDH blot of 10c. (e)
Representative western immunoblot analysis of neuronal cells for BcL2 protein (probed with
mouse polyclonal anti- BcL2 antibody. (f) Anti-GAPDH blot of 10e.
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Fig. 11.
ALCAR and LA-mediated phosphorylation of Bad. The treatments to the samples and method
followed were the same as in Fig. 9. Each experiment was repeated five times with independent
samples. (a) Representative Western immunoblot analysis of neuronal cells for phospho-BAD
(probed with mouse monoclonal anti-phospho-BAD antibody). (b) Anti-GAPDH blot as
control for equal protein loading. (c) Densitometric analysis from five independent experiments
(mean ±SD of values expressed as relative units). Significant differences were assessed by
ANOVA. (n=5). Post hoc analysis was via Student-Newman-Keuls test, and the P values given
are compared with the control. *p<0.005.
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Fig. 12.
Schematic representation of mechanisms of action of ALCAR+LA-mediated neuroprotection
against HNE-induced oxidative stress and neurotoxicity.
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Table 1

PC±SD (P) HNE±SD (P) 3-NT±SD (P)

Control 100±0.3 100±0.3 100±0.3
HNE 129±1.4 (0.02) 129±1.4 (0.05) 129±4.1 (0.05)
75 μM + 50 μM 100±2.8 (0.05) 101±3.4 (0.05) 101±5.1 (0.05)
ALCAR  LA

HNE plus  HNE plus
ALCAR   LA
(μM)   (μM)
50    50 126±1.9 (0.03) 128±1.9 (0.05) 125±5.4 (0.09)
50    75 125±2.8 (0.05) 125±3.4 (0.05) 123±5.1 (0.10)
50    100 123±3.9 (0.07) 122±4.4 (0.10) 120±7.2 (0.17)
75   50 112±0.3 (0.005) 111±0.7 (0.005) 114±1.9 (0.005)
75    75 111±1.1 (0.04) 112±0.1 (0.005) 114±2.6 (0.05)
100    75 112±1.1 (0.04) 112±0.1 (0.005) 113±3.7 (0.12)
100    100 113±3.5 (0.14) 112±0.9 (0.05) 114±4.1 (0.14)
75   – 120±1.7 (0.02) 121±1.4 (0.05) 119±4.1 (0.05)
–    50 121±1.2 (0.02) 122±1.8 (0.05) 121±2.1 (0.05)

Protective effect of ALCAR+LA against HNE-induced oxidative stress. The treatment of cortical neuronal cultures is as described in “Materials and
Methods” section. PC and P, refer to protein carbonyls and p value respectively. The data are the mean ± SD expressed as percentage of control values.
Each experiment was repeated three times with five independent samples. Statistical comparison was by ANOVA (n=5). Post hoc analysis was via Student-
Newman-Keuls test, and the P values given are compared with the control.
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