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Efficient functioning of maintenance and repair pro-
cesses seem to be crucial for both survival and physical
quality of life. This is accomplished by a complex net-
work of the so-called longevity assurance processes,
under control of several genes termed vitagenes. These
include members of the heat shock protein system, and
there is now evidence that the heat shock response
contributes to establishing a cytoprotective state in a
wide variety of human conditions, including inflamma-
tion, neurodegenerative disorders, and aging. Among the
various heat shock proteins, heme oxygenase-1 has re-
ceived considerable attention; it has been recently dem-
onstrated that heme oxygenase-1 induction, by generat-
ing the vasoactive molecule carbon monoxide and the
potent antioxidant bilirubin, could represent a protective
system potentially active against brain oxidative injury.
Acetyl-L-carnitine is proposed as a therapeutic agent for
several neurodegenerative disorders. Accordingly, we re-
port here that treatment of astrocytes with acetyl-L-
carnitine induces heme oxygenase-1 in a dose- and
time-dependent manner and that this effect was associ-
ated with up-regulation of heat shock protein 60 as well
as high expression of the redox-sensitive transcription
factor Nrf2 in the nuclear fraction of treated cells. In
addition, we show that addition of acetyl-L-carnitine to
astrocytes, prior to proinflammatory lipopolysaccharide-
and interferon-�-induced nitrosative stress, prevents
changes in mitochondrial respiratory chain complex ac-
tivity, protein nitrosation and antioxidant status induced
by inflammatory cytokine insult. Given the broad cyto-
protective properties of the heat shock response, mole-
cules inducing this defense mechanism appear to be
possible candidates for novel cytoprotective strategies.
Particularly, manipulation of endogenous cellular de-
fense mechanisms via acetyl-L-carnitine may represent
an innovative approach to therapeutic intervention in dis-
eases causing tissue damage, such as neurodegenera-

tion. We hypothesize that maintenance or recovery of the
activity of vitagenes may delay the aging process and
decrease the risk of age-related diseases.
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The brain has a large potential oxidative capacity but
a limited ability to combat oxidative stress (Calabrese et al.,
2003a; Poon et al., 2004a, b). Under normal conditions,
there is a steady-state balance between prooxidants and
antioxidants necessary to ensure optimal efficiency of an-
tioxidant defenses; however, when the rate of free radical
generation exceeds the capacity of antioxidant defenses,
oxidative stress ensues (Calabrese et al., 2001; Halliwell,
2002). To adapt to environmental changes and survive
different types of injuries, brain cells have evolved net-
works of different responses that detect and control diverse
forms of stress. One of these responses is the heat shock
response. Heat shock proteins (Hsps) are proteins serving
as molecular chaperones involved in the protection of cells
from various forms of stress (Calabrese et al., 1998; Mosser
and Morimoto, 2004). Among the various Hsps, Hsp32,
also known as heme oxygenase-1 (HO-1), has received
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considerable attention; it has been recently demonstrated
that HO-1 induction, by generating the vasoactive mol-
ecule carbon monoxide and the potent antioxidant biliru-
bin, could represent a protective system potentially active
against brain oxidative injury (Kravets et al., 2004; Schip-
per, 2004a).

Heme oxygenase is a stress protein that has been
implicated in defense mechanisms against agents that may
induce oxidative injury, such as endotoxins, cytokines,
and heme (Foresti et al., 2003; Chen and Regan, 2004),
and its induction represents a common feature in a number
of neurodegenerative diseases (Maines, 2002; Poon et al.,
2004a). Interestingly, the spatial distribution of HO-1
expression in diseased brain is essentially identical to that of
pathological expression of tau (Takeda et al., 2000a). In
Alzheimer’s disease (AD) cortex and hippocampus, HO-
1 has been shown to be overexpressed and to colocalize to
senile plaques and neurofibrillary tangles (Schipper et al.,
2000, 2004b). Successful transduction of the human HO-
1 gene into neuroblastoma cells resulted in a stable increase
of HO activity associated with a dramatic decrease in the
level of tau protein. This result demonstrates that expres-
sion of tau protein and HO-1 may be regulated by oxi-
dative stresses in a coordinated manner and play a pivotal
role in the cytoprotection of neuronal cells (Takeda et al.,
2000b). Similarly, up-regulation of HO-1 in the substantia
nigra of Parkinson’s disease subjects has been demon-
strated. In these patients, nigral neurons containing cyto-
plasmic Lewy bodies exhibited in their proximity maximal
HO-1 immunoreactivity (Schipper et al., 2000; Yoo et al.,
2003). There is now evidence to suggest that the HO-
1 gene is redox regulated and contains in its promoter
region the antioxidant-responsive element (ARE), similar
to other antioxidant enzymes (Alam and Cook, 2003;
Balogun et al., 2003). The HO-1 gene is, in fact, modu-
lated by redox-sensitive transcription factors that recog-
nize specific binding sites within the promoter and distal
enhancer regions of the HO-1 gene (Alam, 2002). These
include Fos/Jun [activator protein-1 (AP-1)], nuclear
factor-�B (NF�B), and the more recently identified Nrf2
proteins (Alam and Cook, 2003; Balogun et al., 2003). In
addition, HO-1 is rapidly up-regulated by oxidative and
nitrosative stresses as well as by glutathione depletion
(Naughton et al., 2002; Shih et al., 2003; Calabrese et al.,
2004a). Given the broad cytoprotective properties of the
heat shock response, there is now strong interest in dis-
covering and developing pharmacological agents capable
of inducing the heat shock response (Calabrese et al.,
2003a, b, Calabrese et al., 2004a–c).

Acetyl-L-carnitine (LAC) has been proposed as a
therapeutic agent for several neurodegenerative disorders
(Calabrese et al., 2003c; Beal, 2003). Acetyl-L-carnitine is
normally synthesized in several organs, particularly in brain
and liver, by the enzyme acetyl-L-carnitine transferase.
The role of carnitine and its derivatives as an obligate
cofactor in mitochondrial fatty acid �-oxidation is well
known (Wutzke and Lorenz, 2004). In addition, the car-
nitine system is involved in membrane stabilization and

repair, in the intracellular communication of acyl groups,
upon which depend peroxisomal fatty acid oxidation, the
metabolism of branched chain amino acids, or removal of
disruptive acyl CoAs such as acylcarnitines (Calabrese and
Rizza 1999a, b; Calabrese et al., 2004d). LAC has been
proposed as a therapeutic agent for several disease para-
digms (Pisano et al., 2003; Galeotti et al., 2004). LAC in
fact was reported to prevent, in nonhuman primates,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
induced neurological injury to the substantia nigra as well
as to increase cellular respiration, mitochondrial mem-
brane potential, and cardiolipin levels in hepatocytes of
24-month-old rats (Beal, 2003). These biochemical effects
are paralleled by increases in ambulatory activity of aged
rats (Liu et al., 2002).

We have recently shown that both curcumin and
caffeic acid phenethyl ester (CAPE), two phenolic nat-
ural compounds well known for their antioxidative,
antiinflammatory and anticancer properties, potently
induce HO-1 expression and activity in rat astrocytes
(Scapagnini et al., 2002). Here we report results that
extend our previous findings, examining in astrocytes
the effects of acetyl-L-carnitine on the expression on
heme oxygenase and other Hsps, such as Hsp60 as well
as on the antioxidative potential of astrocytes exposed
to lipopolysaccharide (LPS)- and interferon-� (INF�)-
induced nitrosative stress.

MATERIALS AND METHODS

Chemicals

5,5�-Dithiobis-(2-nitrobenzoic acid; DTNB), 1,1,3,3-
tetraethoxypropane, purified bovine blood superoxide dis-
mutase (SOD), NADH, reduced glutathione (GSH), oxidized
glutathione (GSSG), �-NADPH (type 1, tetrasodium salt), glu-
tathione reductase (GR; type II from baker’s yeast), N(G)-
monomethyl-l-arginine [L-NMMA, a nonisoform-specific
nitric oxide synthase (NOS) inhibitor], and glucose oxidase
(GOX, which generates hydrogen peroxide in the culture me-
dium) were from Sigma (St. Louis, MO). Zinc protoporphyrin
IX (ZnPP IX), a specific inhibitor of HO activity, was from
Porphyrin Product (Logan, UT). LAC (99.99% pure) was a
generous gift from Sigma Tau Co. (Pomezia, Italy). All other
chemicals were from Merck (Darmstadt, Germany) and were of
the highest grade available.

Cell Cultures and Treatment

Rat type 1 astrocytes (DI TNC1) were purchased from
the American Type Culture Collection (Manassas, VA) and
cultured according to the manufacturer’s instructions. Cells
were grown in 75-cm2 flasks and maintained at 37°C in a
humidified atmosphere of air and 5% CO2. Confluent cells were
exposed to various concentrations of LAC and/or LPS and
INF�, in the absence or in the presence of L-NMMA, or to the
effects of heat shock (HS). After each treatment, cells were
harvested for the determination of HO activity, HO-1 mRNA
levels, and HO-1 or Hsp60 protein expression. NOS in astro-
cyte cultures was induced by treatment for 12 hr with increasing
concentrations of LPS (0.01 �g/ml, 0.1 �g/ml, or 1 �g/ml;
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Sigma) and INF� (1 U/ml, 10 U/ml, or 100 U/ml; Genzyme).
The specificity of the effect was tested by the addition to the
culture medium of the NOS inhibitor L-NMMA (Sigma), at a
final concentration 1 mM, or of LAC, at a final concentration
50 �M. In addition, astrocyte cultures were treated with
1 �g/ml LPS or 100 U/ml INF� separately or in combination
of both for different times. For HS treatment, culture flasks were
sealed with parafilm and immersed in a precision shaker bath
maintained at 42°C � 0.01°C for 30 min. Subsequently, the
parafilm was removed and cells were returned to the incubator
for 2 hr before harvesting. After treatments, the cells were
washed with phosphate-buffered saline (PBS), scraped, and pel-
leted. The cellular pellet was resuspended in 0.32 M sucrose,
1 mM EDTA, 10 mM Tris (pH 7.4), 0.5 mM phenylmethyl-
sulfonyl fluoride (PMSF) and homogenized.

Western Blot Analysis

Samples of astrocytes were analyzed for HO-1, Hsp60,
inducible NOS (iNOS), and Nrf2 protein expression, as well as
nitrotyrosine protein, by using a Western immunoblot tech-
nique as described previously (Calabrese et al., 2000b, 2002a). In
brief, an equal amount of proteins (30 �g) for each sample was
separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred overnight to nitrocellu-
lose membranes, and the nonspecific binding of antibodies was
blocked with 3% nonfat dried milk in PBS. Immunodetection of
iNOS and protein nitrotyrosine were performed with a poly-
clonal rabbit anti-iNOS antibody (sc-649; Santa Cruz Biotech-
nology, Santa Cruz, CA) and a polyclonal rabbit anti-
nitrotyrosine antibody (06-284; Upstate Biotechnology, Lake
Placid, NY), respectively. When probed for HO-1 or Hsp60,
membranes were incubated for 2 hr at room temperature with
anti-HO-1 or anti-Hsp60 antibodies (Stressgen, Victoria, British
Columbia, Canada; 1:1,000 dilution in Tris-buffered saline,
pH 7.4), respectively, whereas Nrf2 transcription factor was
immunodetected in the nuclear pellet by using anti-Nrf2 anti-
bodies (sc-13032) purchased from Santa Cruz Biotechnology.
Goat polyclonal antibody specific for �-actin was used as a
loading control (1:1,000). Blots were then visualized with either
an amplified alkaline phosphatase kit from Sigma (Extra 3A)
when probing for HO-1, Hsp60, and Nrf2 or a horseradish
peroxidase-conjugated sheep anti-rabbit immunoglobulin G
(IgG) in the case of iNOS and nitrotyrosine. Immunoreactive
bands were scanned by a laser densitometer (LKB Ultroscan
XL). Molecular weights of the proteins detected were deter-
mined by using a standard curve obtained with proteins of
known molecular weight.

Preparation of Nuclear Extract and Western Blot
for Nrf2

Astrocytes were washed twice with PBS, then harvested
in 1 ml PBS and centrifuged at 3,000 rpm for 3 min at 4°C. The
cell pellet was carefully resuspended in 200 �l cold buffer A,
consisting of 10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM
EDTA, 0.1 mM EGTA, 1 �M dithiothreitol (DTT), and com-
plete protease inhibitor cocktail (Roche, Mannheim, Germany).
The pellet was then incubated on ice for 15 min to allow cells
to swell. After this time, 15 �l of 10% NP-40 was added, and the
tube was vortexed for 10 sec. The homogenate was then cen-

trifuged at 3,000 rpm for 3 min at 4°C. The resulting nuclear
pellet was resuspended in 30 �l cold buffer B consisting of
20 mM HEPES (pH 7.9), 0.4 M NaCl, 1 mM EDTA, 1 mM
EGTA, 1 �M DTT, and protease inhibitors. The pellet was
then incubated on ice for 15 min and vortexed for 10–15 sec
every 2 min. The nuclear extract was finally centrifuged at
13,000 rpm for 5 min at 4°C. The supernatant containing the
nuclear proteins was loaded on an SDS-polyacrylamide gel, and
Western blot analysis with Nrf2 antibodies (1:1,000 dilution)
was performed as described above.

Real-Time Quantitative Reverse
Transcription-Polymerase Chain Reaction

Total RNA from cell cultures was extracted with Trizol
(Sigma) and treated with RNase-free DNase to remove any
residual genomic DNA. Single-stranded cDNAs were synthe-
sized by incubating total RNA (1 �g) with SuperScript II
RNase H reverse transcriptase (RT; 200 U), oligo-(dT)12–
18 primer (100 nM), dNTPs (1 mM), and RNase inhibitor
(40 U) at 42°C for 1 hr in a final volume of 20 �l. The reaction
was terminated by incubating at 70°C for 10 min. Forward and
reverse primers used to amplify HO-1 were, respectively, HO-1
F: TGCTCGCATGAACACTCTG (GenBank accession No.
NM 012580.1) and HO-1 R: TCCTCTGTCAGCAGT-
GCCT (GenBank accession No. NM 012580.1). The expected
amplification product for HO-1 was 123 bp. Aliquots of cDNA
(0.1 �g) and known amounts of external standard (purified PCR
product, 102–108 copies) were amplified in parallel reactions
with the forward and reverse primers. Each PCR (final volume,
20 �l) contained 0.5 �M of primers, 2.5 mM Mg2�, and 1�
Light Cycler DNA Master Sybr green (Roche Diagnostics,
Indianapolis, IN). PCR amplifications were performed with a
Light Cycler (Roche Molecular Biochemicals) by using the
following four cycle programs: 1) denaturation of cDNA (one
cycle: 95°C for 10 min); 2) amplification (40 cycles: 95°C for
0 sec, 58°C for 5 sec, 72°C for 10 sec); 3) melting curve analysis
(one cycle: 95°C for 0 sec, 70°C for 10 sec, 95°C for 0 sec); 4)
cooling (one cycle: 40°C for 3 min). The temperature transition
rate was 20°C/sec except for the third segment of the melting
curve analysis, where it was 0.2°C/sec. The fluorimeter gain
value was 6. Real-time detection of fluorimetric intensity of
Sybr green I, indicating the amount of PCR product formed,
was measured at the end of each elongation phase. Quantifica-
tion was performed by comparing the fluorescence of PCR
products of unknown concentration with the fluorescence of
the external standards. For this analysis, fluorescence values
measured in the log-linear phase of amplification were consid-
ered by using the second derivative maximum method of the
Light Cycler Data Analysis software (Roche Molecular Bio-
chemicals). The specificity of PCR products obtained was char-
acterized by melting curve analysis, followed by gel electro-
phoresis, and visualized by ethidium bromide staining and DNA
sequencing.

HO Activity Assay

HO activity was determined at the end of each treatment
as described previously (Motterlini et al., 2000). In brief, mi-
crosomes from harvested cells were added to a reaction mixture
containing NADPH, glucose-6-phosphate dehydrogenase, rat
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liver cytosol as a source of biliverdin reductase, and the substrate
hemin. The reaction mixture was incubated in the dark at 37°C
for 1 hr and was terminated by the addition of 1 ml chloroform.
After vigorous vortex mixing and centrifugation, the extracted
bilirubin in the chloroform layer was measured by the difference
in absorbance between 464 and 530 nm (	 
 40 mM�1 cm�1).

Mitochondrial Complex Activities

Cell homogenate was centrifuged at 1,000g for 10 min.
The nuclear pellet was washed once, and the supernatants were
centrifuged at 20,000g for 30 min to obtain the supernatant and
the mitochondrial pellet, respectively. The pellet was washed
twice, and the mitochondria were resuspended in 40 mM Tris-
HCl (pH 6.8), 2.5% SDS. For the measurement of cytochrome
c oxidase (complex IV), complex I, complexes II–III, and ATP
synthase, the pellet was homogenized in 0.8 ml of 0.9% NaCl
and sonicated for 10 sec at 0–2°C in an ultrasonic disintegrator
(power 150 W). Contamination of the mitochondrial extract by
cytosol, determined by measurement of lactate dehydrogenase
activity, was estimated to be less than 10% of the measured
activity.

Cytochrome c oxidase (complex IV; EC 1.9.3.1) activity
was determined according to the method of Warton and Tza-
goloff (1967). NADH-CoQ1 reductase (complex I; EC
1.6.99.3) and succinate-cytochrome c reductase (complex II–III;
EC 1.8.3.1) activities were determined according to Schapira et
al. (1990). ATP synthase (EC 3.6.1.34) was measured according
to Buckle et al. (1986).

Protein SH Group Determination in Astrocyte Cultures

Protein SH groups were estimated by the method of
Sedlak and Lindsey (1968). The content of SH groups was
expressed in nanomoles per milligram of protein.

GSH and GSSG Assay

GSH and GSSG were measured by the NADPH-
dependent GSSG reductase method as previously reported
(Calabrese et al., 2000a). Samples of astrocytes were homoge-
nized on ice for 10 sec in 100 mM potassium phosphate, pH 7.5,
which contained 12 mM disodium EDTA. For total glutathi-
one, aliquots (0.1 ml) of homogenates were immediately added
to 0.1 ml of a cold solution containing 10 mM DTNB and
5 mM EDTA in 100 mM potassium phosphate, pH 7.5. The
sample were mixed by tilting and centrifuged at 12,000g for
2 min at 4°C. An aliquot (50 �l) of the supernatant was added
to a cuvette containing 0.5 U GSSG reductase in 100 mM
potassium phosphate and 5 mM EDTA, pH 7.5 (buffer 1). After
1 min of equilibration, the reaction was initiated with 220 nmol
of NADPH in buffer 1 for a final reaction volume of 1 ml. The
formation of a GSH-DTNB conjugate was then measured at
412 nm. The reference cuvette contained equal concentrations
of DTNB, NADPH, and enzyme, but not sample. For assay of
GSSG, aliquots (0.5 ml) of homogenate were immediately
added to 0.5 ml of a solution containing 10 mM N-
ethylmaleimide (NEM) and 5 mM EDTA in 100 mM potassium
phosphate, pH 7.5. The sample was mixed by tilting and cen-
trifuged at 12,000g for 2 min at 4°C. An aliquot (500 �l) of the
supernatant was passed at 1 drop/sec through a Sep-Pak C18
Column (Waters, Framingham, MA) that had been washed with

methanol, followed by water. The column was then washed
with 1 ml of buffer 1. Aliquots (865 �l) of the combined eluates
were added to a cuvette with 250 nmol of DTNB and 0.5 U of
GSSG reductase. The assay then proceeded as in the measure-
ment of total GSH. GSH and GSSG standards in the ranges
between 0 and 10 nmol and 0.010 and 10 nmol, respectively,
added to control samples were used to obtain the relative stan-
dard curves, and the results were expressed in nanomoles of
GSH or GSSG, respectively, per milligram protein.

Cell Viability Assay

Astrocytes were exposed to 50 mU/ml glucose oxidase
(GOX) for 2 hr, in the absence or presence of 50 �M LAC or
10 �M ZnPP IX, and cell viability was assessed with the use of
an Alamar blue assay according to the manufacturer’s instruc-
tions (Serotec, Oxford, United Kingdom) as reported previously
(Scapagnini et al., 2002). At the end of each treatment, cells
were washed twice and incubated for an additional 4 hr in
complete medium containing 10% Alamar blue solution. Opti-
cal density in each sample was measured by using a plate reader
(Molecular Devices, Crawley, United Kingdom). The intensity
of the color developed in the medium is proportional to the
viability of cells, which is calculated as the difference in absor-
bance between 570 and 600 nm and expressed as percentage of
control.

Determination of Protein

Proteins were estimated by the method of Smith (1985),
by using bicinchoninic acid reagent.

Statistical Analysis

Results were expressed as mean � SEM of eight separate
experiments (n 
 8), each of which was performed, unless
otherwise specified, in triplicate. Data were analyzed by one-
way ANOVA, followed by inspection of all differences by
Duncan’s new multiple-range test. Differences were considered
significant at P � 0.05.

RESULTS
A concentration-dependent increased expression of

HO-1 was found in astrocytes exposed to LAC for 6 hr

Fig. 1. a: Dose-dependent increase of HO-1 protein expression in
astrocyte cultures after 6 hr of treatment with different concentrations
of acetyl-L-carnitine (LAC). b: Increase in HO-1 protein expression
after LAC treatment was compared with the effect of heat shock (HS).
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(Fig. 1a). Expression of HO-1 induced by different con-
centrations of LAC was higher than that observed after HS
(Fig. 1b). Consistently with increased protein, a con-
centration-dependent increased HO-1 activity was found
in astrocytes exposed to LAC. Exposure of astrocytes to
LAC for 6 hr led to greater activity than exposure of LAC
for 24 hr (Fig. 2a). The increased protein expression of
HO-1 in astrocytes exposed to LAC (a representative
Western blot is additionally shown in Fig. 2b) was accom-
panied by increased message expression (Fig. 3a,b). The
results shown in Figures 1–3 demonstrate that, even in the
absence of other stimuli, exposure of astrocytes to LAC is
sufficient to increase expression of HO-1 at the mRNA
and protein levels and sufficient to increase activity of
HO-1.

To determine whether this increased level and ac-
tivity of HO-1 would be protective against neurotoxic
stimuli, astrocytes were treated for 12 hr with LPS/INF�
(1 �g/ml and 100 U/ml), which is known to produce
iNOS (Calabrese et al., 2000b). Figure 4 shows that LPS,

INF�, or the combination of LPS and INF� increased
iNOS protein expression significantly compared with
control or LAC alone. However, addition of LAC, 1 hr
prior to exposure of astrocytes to oxidative challenge with
LPS and INF�, markedly reduced iNOS protein expres-
sion, which is consistent with a protective response.

The mitochondrial-resident heat shock protein
Hsp60 is known to be neuroprotective in brain aging and
age-related neurodegenerative disorders (Poon et al.,
2004a, b; Calabrese et al., 2004c). Treatment of astrocytes
for 12 hr with LAC alone led to a dose-dependent in-
creased expression of neuroprotective Hsp60 (Fig. 5a).
Figure 5 shows that addition of LPS and INF� resulted in
a significant down-regulation of this Hsp member com-
pared with control or LAC treatment. Notably, exposure
of astrocytes to HS up-regulated Hsp60 (Fig. 5b). How-
ever, this effect was lost when HS was followed by treat-
ment with LPS/INF�. Treatment of astrocytes with LAC,
added 1 hr prior to addition of LPS/INF�, was able to
prevent the decrease in Hsp60 protein promoted by LPS/

Fig. 2. Time course of HO-1 protein expression and activity in astrocyte cultures after treatment with
LAC. Astrocytes were incubated with 30, 50, and 100 �M LAC for 6 and 24 hr, and activity was
measured at the end of each treatment, as described in Materials and Methods (a). Values are means �
SEM of two to four determinations, each obtained from eight different cultures. *Significant vs.
control (P � 0.01). b: Blots are shown that are representative of eight independent experiments on
astrocytes treated for 6 hr with LAC at various concentrations.
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INF� treatment, whereas LAC alone did induce a signif-
icant increment in Hsp60 protein measured after 12 hr
(Fig. 5b).

According to our previous studies (Calabrese et al.,
2000b, 2001), neurotoxicity elicited by excess of reactive
nitrogen species may be mediated by mitochondrial dys-
function. Therefore, we analyzed the activity of respira-
tory chain enzymes in astrocyte culture subjected to LPS/
INF� treatment in the absence and presence of LAC.
Table I shows that the enzymatic activity of cytochrome c
oxidase decreased drastically and in a dose-dependent
manner after LPS/INF� treatment. Addition of L-
NMMA (a nonisoform-specific NOS inhibitor) to the
culture medium abolished this effect, whereas addition of
LAC produced a significant restoration of the cytochrome

oxidase activity. Unlike the activity of complex IV, the
activities of complex I, complex II–III, and ATP synthase
were unmodified either by LPS/INF� alone or by LPS/
INF� plus LAC.

Cytotoxicity of astrocytes was also induced by oxi-
dative damage initiated by the action of glucose oxidase
(Fig. 6). However, cotreatment of astrocytes with 50 �M
LAC and glucose oxidase was significantly protective.
Inhibition of the activity of HO-1 by ZnPP IX abrogated
the protective effect of LAC, demonstrating that HO-1
was involved in the LAC-mediated cytoprotection against
the oxidative damage caused by glucose oxidase. Consis-
tently with the results in Figure 4, LPS/INF� together or
LPS alone caused increased production of 3-nitrotyrosine
(Fig. 7), a marker of nitrosative stress (Butterfield and

Fig. 3. Effect of LAC on HO-1 mRNA expression. a: Astrocytes were incubated with 0, 30, 50, and
100 �M LAC for 6 hr, and HO-1 mRNA expression was examined by quantitative RT-PCR.
Forward (FP) and reverse (RP) primers used to amplify HO-1 are reported in Materials and Methods.
PCR amplifications were performed with a Light-Cycler (Roche) as reported in the text. b: Quan-
tification of results; n 
 8; *P � 0.05.

514 Calabrese et al.



Stadtman, 1997; Castegna et al., 2003). However, signif-
icantly depressed levels of 3-nitrotyrosine were found
when LAC was added as well.

Thiols, particularly GSH, serve an important role in
maintenance of redox balance of cells (Butterfield et al.,
2002a; Calabrese et al., 2004a, c). Astrocytes exposed to
LPS/INF� had, 6 hr post-treatment, a concentration-
dependent loss of protein thiol content and GSH levels
and a concomitant increase in GSSG and total GSSG
released in the medium (Table II). However, LAC and
NMMA treatment of astrocytes significantly restored lev-
els of all these thiol markers to nearly control concentra-
tions in astrocytes exposed to the inflammatory agents
LPS/INF�.

The transcription factor Nrf2 is activated when the
GSH/GSSH ratio decreases below a critical threshold
(Motterlini, 2003; Alam, 2004). Nrf2 binds to the ARE of
DNA, leading to the transcription of cytoprotective genes,
including HO-1 and Hsp60 (Calabrese et al., 2004c). In

keeping with the notion that pharmacologically derived
elevation of cytoprotective enzymes is possible (Calabrese
et al., 2004b, c; Poon et al., 2004a, b), Figure 8 shows that,
at 6 hr after addition of LAC to astrocytes, the time for
significant expression of HO-1 at the message and protein
levels (Figs 2, 3), the expression of Nrf2 is maximal. Thus,
not only does Nrf2 respond to a decreased redox status of
the cell (Naughton, 2002), but Figure 8 shows that LAC
alone is able to induce expression of Nrf2 as well.

DISCUSSION
Mitochondrial dysfunction is characteristic of several

neurodegenerative disorders, and evidence for mitochon-
dria being a site of damage in neurodegenerative disorders
is partially based on decreases in respiratory chain com-
plex activities in Parkinson’s disease, Alzheimer’s disease,
and Huntington’s disease (Beal, 2003; Calabrese et al.,
2004a–c). Such defects in respiratory complex activities,
possibly associated with oxidant/antioxidant balance per-

Fig. 4. Effect of LAC on LPS/INF�-induced expression of iNOS in
astrocytes. Cells were incubated with 1 �g/ml LPS, 100 U/ml INF�,
alone or in combination for 12 hr, in the absence and presence of 50
�M LAC, and protein expression was examined by Western blot
analysis. Thirty micrograms of protein extract were loaded onto 8%
SDS-PAGE gels, and the blot was probed with the polyclonal anti-

iNOS antibody (1:500) for 1 hr. The iNOS protein was visualized by
chemiluminescence. Values in a, expressed as arbitrary densitometric
units, are the mean � SEM of four determinations, each obtained from
eight different culture wells. b: Representative Western blot of iNOS;
*P � 0.05.
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turbation, are thought to underlie defects in energy me-
tabolism and to induce cellular degeneration. Evidence
that mitochondrial dysfunction may be a mechanism for
NO-mediated neurotoxicity arises from different studies
that indicate excessive production of NO, a free radical

that has several important messenger functions within the
CNS, leads to formation of peroxynitrite anion (ONOO–)
by reacting with the superoxide anion. This extremely
potent oxidizing agent can interact at the binuclear centre
of cytochrome oxidase, leading to inhibition of respiratory

Fig. 5. a: Effects of LAC (50 �M) or LPS/INF� (LPS 1 �g/ml plus INF� 100 U/ml) on expression
of Hsp60 in astrocytes. b: Hsp60 expression was examined after heat shock and compared with the
effect of LPS/INF� alone or in combination with 50 �M LAC. Representative Western blots are
shown.

TABLE I. Effect of LPS/INF� and LAC Treatments on the Specific Activity of Complex I, Complex II–III, Complex IV, and
ATP Synthase†

NADH -CoQ1

reductase
(complex I)

(nmol/min/mg prot)

Succinate-cyt. C
reductase

(complex II–III)
(nmol/min/mg prot)

Cytochrome c oxidase
(complex IV)

(K/min/mg prot)
ATP synthase

(nmol/min/mg prot)

Control 68.6 � 3.6 14.2 � 2.6 3.42 � 0.32 310 � 50
LPS (0.1 �g/ml) � INF� (10 U/ml) 62.2 � 4.53 13.6 � 1.5 2.6 � 0.3* 303 � 61
LPS (1.0 �g/ml) � INF� (100 U/ml) 60.2 � 2.2 12.9 � 1.4 1.03 � 0.2* 272 � 55
LPS (1.0 �g/ml) � INF� (100 U/ml) �

NMMA (1 mM)
60.1 � 6.7 13.8 � 1.4 2.93 � 0.4** 320 � 23

LPS (1.0 �g/ml) � INF� (100 U/ml) �
LAC 50 �M

64.0 � 3.3 13.0 � 2.8 2.78 � 0.35** 298 � 19

†Results are mean � SEM of eight different experiments each performed in triplicate. Astrocytes were treated with LPS/INF� in the absence and presence
of LAC for 12 hr and then mitochondrial complex activities were analyzed as described in Materials and Methods.
*Significant vs. control (P � 0.05).
**Significant vs. LPS/INF� alone (P � 0.05).
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rate and ATP stores (Calabrese et al., 2001). NO � can also
stimulate the S-nitrosylation of numerous proteins to
modify these proteins and also binds to the nonheme iron
of ribonucleotide reductase to inhibit DNA synthesis
(Gegg et al., 2002).

Efficient functioning of maintenance and repair pro-
cess seems to be crucial for both survival and physical
quality of life. This is accomplished by a complex network
of the so-called longevity assurance processes, which are
composed of several genes termed vitagenes (Calabrese et
al., 2004b; Poon et al., 2004a). Among these, chaperones
are highly conserved proteins responsible for the preser-
vation and repair of the correct conformation of cellular
macromolecules, such as proteins, RNAs, and DNA. Hsps
and molecular chaperones have been known to protect
cells against a wide variety of toxic conditions, including
extreme temperatures, oxidative stress, virus infection, and
exposure to heavy metals or cytotoxic drugs (Calabrese et
al., 1998, 2000b; Poon et al., 2004b). Chaperone-buffered
silent mutations may be activated during the aging process
and lead to the phenotypic exposure of previously hidden
features and contribute to the onset of polygenic diseases,
such as age-related disorders, atherosclerosis, and cancer
(Soti and Csermely, 2003). Hence, Hsp induction not
only is a signal for detection of physiological stress but is
utilized by the cells in the repair process following a wide
range of injuries, to prevent damage resulting from the
accumulation of nonnative proteins (Kelly and Yenari,
2002).

The involvement of the HO pathway in antidegen-
erative mechanisms, expecially those operating in AD, has
been demonstrated: The expression of HO is closely re-
lated to that of amyloid precursor protein (APP; Dore,
2002; Ghanbari et al., 2004). HO induction, which occurs
together with the induction of other Hsps during various
physiopathological conditions, by generating the vasoac-
tive molecule carbon monoxide and the potent antioxi-
dant bilirubin, represents a protective system potentially
active against brain oxidative injury (Calabrese et al.,
2003a). The HO-1 gene is redox regulated; this is sup-
ported by the fact that HO-1 gene has an HS consensus
sequence as well as AP1, AP2, and NF�B binding sites in
its promoter region. In addition, HO-1 is rapidly up-

Fig. 6. Protective effect of LAC against oxidative damage induced by
glucose oxidase. Astrocytes were incubated with LAC for 24 hr in the
presence or absence of 10 �M of zinc protoporphyrin IX (ZnPP IX),
a specific inhibitor of heme oxygenase enzyme activity. After these
pretreatments, cells were incubated for 2 hr with 50 mU/ml glucose
oxidase (GOX) to induce oxidative stress, and then the cells were
washed and viability was assessed by Alamar blue assay. *P � 0.05 vs.
control; **P � 0.05 vs. GOX alone.

Fig. 7. Typical Western blot for protein nitrotyrosine in astrocytes
exposed to nitrosative stress induced wih LPS/INF� (LPS 1 �g/ml plus
INF� 100 U/ml) in the absence and presence of LAC. LAC was added
at the concentration of 50 �M 1 hr prior to treatment. St, protein
nitrotyrosine standards of various molecular weights. Blot shows pro-
tein nitrotyrosine immunoreactivity over a molecular weight range of
approximately 50–215 kD.

TABLE II. Effect of LPS/INF� Treatment on the Content of Protein SH Groups, GSH, and GSSG in Astrocytes†

Protein SH
groups

(nmol/mg prot)
GSH

(nmol/mg prot)
GSSG

(nmol/mg prot)

Total GSSG
released in the
medium (nmol)

Control 78.48 � 5.5 19.2 � 3.3 0.266 � 0.03 0.340 � 0.05
LPS (0.1 �g/ml) � INF� (10 U/ml) 63.6 � 7.5 14.4 � 5.5 0.302 � 0.06 0.396 � 0.03
LPS (1.0 �g/ml) � INF� (100 U/ml) 38.4 � 5.5* 11.4 � 2.2* 0.588 � 0.06* 0.704 � 0.07*
LPS (1.0 �g/ml) � INF� (100 U/ml) � NMMA (1 mM) 56.8 � 8.8 14.7 � 2.5 0.344 � 0.05 0.401 � 0.03
LPS (1.0 �g/ml) � INF� (100 U/ml) � LAC 50 �M 68.2 � 8.1 14.4 � 2.7 0.303 � 0.05 0.387 � 0.04
†Results are mean � SEM of six different experiments each performed in triplicate. Astrocytes were treated with LPS/INF� in the absence and presence
of LAC for 6 hr and then sulfhydryl groups were analyzed as described in Materials and Methods.
*Significant vs. control (P � 0.01).
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regulated by oxidative and nitrosative stresses as well as by
glutathione depletion.

All this evidence emphasizes the well-established
concept of cellular stress response to oxidative insults
(Calabrese et al., 2004a, b), as a crucial mechanism oper-
ating against neurodegenerative damage (Poon et al.,
2004c). However, relatively new is the notion that phar-
macological or nutritional intervention can lead to the
same cytoprotective cellular responses (for review see But-
terfield et al., 2002b, c; Calabrese et al., 2004c). LAC has
been proposed as a therapeutic agent for several neurode-
generative disorders as well as an agent protective in nu-
merous disease paradigms (Beal, 2003; Pisano et al., 2003);
however, the mechanism of protection in brain disorders
remains elusive. In the current study, we show that LAC
is cytoprotective against inflammatory and oxidative in-
sults in astrocytes in part by being able to up-regulate
cytoprotective cellular stress responses, particularly induc-
tion of HO-1 and Hsp60, while inhibiting induction of
NOS. LAC, an ester of L-carnitine, is normally synthe-
sized in several organs, particularly in brain and liver, by
the enzyme acetyl-L-carnitine transferase. There is now
evidence to suggest that the carnitine system is involved in
membrane stabilization and repair processes and in the
metabolism of disruptive acyl CoAs such as acylcarnitines
(Calabrese and Rizza, 1999a, b; Calabrese et al., 2004d).
Carnitine and LAC attenuate neuronal damage produced

by 3-nitroproprionic acid, rotenone, and MPTP (Beal,
2003; Loots et al., 2004). Moreover, LAC induced, after
ischemia-reperfusion in rats, a more rapid recovery of
ATP, PCr, and lactate levels (Aureli et al., 1994; Virmani
et al., 1995). The results from our study show for the first
time that LAC treatment of astrocytes induces HO-1 and
Hsp60. Hsp60 is encoded in the nucleus and resides
mainly in the mitochondria (Calabrese et al., 2002b).
Hsp60 form the chaperonin complex, which is implicated
in protein folding and assembly within the mitochondria
under normal conditions (Izaki et al., 2001). Most mito-
chondrial proteins are synthesized in the cytosol and must
be imported into the organelles in an unfolded state (Izaki
et al., 2001). During translocation, the proteins interact
with Hsp70. ATP-dependent binding and release of
Hsp70 provide the major driving force for complete trans-
port of polypeptides into the matrix. Most imported
polypeptides are released from soluble Hsp70; however, a
subset of aggregation-sensitive polypeptides must be trans-
ferred from Hsp70 to Hsp60 for folding (Okubo et al.,
2000). Because of the close functional interaction between
this chaperonin system and the Hsp70 system, it is likely
that up-regulation of Hsp60 is a fundamental site targeted
by LAC action, with consequent restoration of complex
IV function. Accordingly, under conditions of nitrosative
stress, accumulation of covalently modified proteins oc-
curs, which compete with the heat shock factor (HSF).

Fig. 8. a,b: Time course of expression of Nrf-2 transcription factor in DITNC1 astrocytes treated
with LAC. Cells were incubated with 50 �M LAC for different times, and protein expression was
examined by Western blot analysis.
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This transcription factor in unstressed cells is maintained in
a monomeric, non-DNA binding form through interac-
tion with constitutive Hsp70 (Morimoto and Santoro,
1998). Upon stress and dissociation from Hsp70, HSF
assembles into a trimer, which in the nucleus binds with
specific heat shock sequence elements (HSE) in HS gene
promoters, and hence induces mRNA transcription. Al-
though this is speculative, it is conceivable that acetyl-
carnitine alone, in unstressed conditions, by promoting
acetylation of DNA-binding proteins, can elicit similar
effects.

We also provide experimental evidence that up-
regulation of HO-1 (and Hsp60) might involve the tran-
scription factor Nrf2, which was highly expressed in the
nuclear fraction of cells exposed to this test compound.
The transcription factor Nrf2 is a member of the
cap’n’collar family of basic leucine transcription factors
and plays an essential role in the ARE-mediated expres-
sion of phase II detoxifying enzymes and stress-inducible
genes. The activity of Nrf2 is normally suppressed in the
cytosol by specific binding to the chaperone Keap1 (Mar-
tin et al., 2004; Nguyen et al., 2004). However, upon
stimulation by electrophilic agents or compounds that
possess the ability to modify thiol groups (Li et al., 2004;
Kobayashi et al., 2004), Keap 1 repression of Nrf2 is lost,
allowing Nrf2 protein to translocate into the nucleus and
potentiate the ARE response. This mechanism of gene
activation leads to the synthesis of highly specialized pro-
teins that efficiently protect mammalian cells from various
forms of stress and, consequently, reduce the susceptibility
of target tissues to oxidative damage. Among others, in-
ducible proteins that require transcription via Nrf2 acti-
vation include �-glutamylcysteine synthetase (Shih et al.,
2003), glutathione S-transferase (Balogun et al., 2003),
NADP(H):quinone oxidoreductase, and HO-1 (Alam,
2002). The HO-1 gene is, in fact, redox regulated de-
pending on the presence in the promoter region of two
upstream enhancers, E1 and E2 (Naughton, 2002). Both
enhancer regions contain multiple stress (or antioxidant)-
responsive elements (StRE; also called ARE) that conform
to the sequence of the Maf-recognition element (MARE)
and are recognized by Nrf2 (Martin et al., 2004). The
direct implication of Nrf2 in the regulation of the HO-
1 gene via the ARE has been recently reported with the
use of Nrf2 dominant negative mutants (Nrf2M). In fi-
broblasts overexpressing Nrf2M, HO-1 mRNA was al-
most completely suppressed in response to arsenite, cad-
mium, and hemin, a known group of HO-1 inducers.
That this mechanism might underly the associated increase
in Hsp60 observed in our study is a conceivable possibility
that deserves further elucidation. In the present study, we
also demonstrate that a cytokine-dependent mitochondrial
complex IV dysfunction occurs together with significant
changes in the thiol pool, both of which are partially
restored after treatment with LAC. Particularly, the re-
stored GSH content may result from the Nrf2-dependent
activation of �-glutamylcysteine synthetase gene, which
leads to up-regulation of glutathione synthesis. In addi-

tion, up-regulation of mitochondrial Hsp60, as discussed
above, and down-regulation of iNOS might both contrib-
ute to an increased resistance of mitochondrial respiratory
chain complexes to nitrosative insult.

Collectively, the data presented in this paper are
consistent with the activation of protective genes, such as
HO and, conceivably, other Hsps (i.e., Hsp60), in re-
sponse to activation of Nrf2/ARE complex and sustain the
emerging notion that the pharmacological activity attrib-
uted to several well-known or newly discovered drugs
could rely on their intrinsic ability to activate the HO
system (Schillinger et al., 2004). This highly inducible
system, therefore, should be seriously considered as a tar-
get for novel therapeutic interventions focussing on the
capability that compounds such as antioxidant polyphenols
or acetyl-L-carnitine have to up-regulate the vitagene
system as a mean to limit deleterious consequences of
oxidative and nitrosative stress associated with aging and
age-related disorders.
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