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The phosphatidylinositol 3-kinase (PI3K)/Akt path-
way elicits a survival signal against multiple apoptotic
insults. In addition, phase II enzymes such as heme oxy-
genase-1 (HO-1) protect cells against diverse toxins and
oxidative stress. In this work, we describe a link be-
tween these defense systems at the level of transcrip-
tional regulation of the antioxidant enzyme HO-1. The
herb-derived phenol carnosol induced HO-1 expression
at both mRNA and protein levels. Luciferase reporter
assays indicated that carnosol targeted the mouse ho1
promoter at two enhancer regions comprising the anti-
oxidant response elements (AREs). Moreover, carnosol
increased the nuclear levels of Nrf2, a transcription fac-
tor governing AREs. Electrophoretic mobility shift as-
says and luciferase reporter assays with a dominant-
negative Nrf2 mutant indicated that carnosol increased
the binding of Nrf2 to ARE and induced Nrf2-dependent
activation of the ho1 promoter. While investigating the
signaling pathways responsible for HO-1 induction, we
observed that carnosol activated the ERK, p38, and JNK
pathways as well as the survival pathway driven by
PI3K. Inhibition of PI3K reduced the increase in Nrf2
protein levels and activation of the ho1 promoter. Ex-
pression of active PI3K-CAAX (where A is aliphatic
amino acid) was sufficient to activate AREs. The use of
dominant-negative mutants of protein kinase C� and
Akt1, two kinases downstream from PI3K, demonstrated
a requirement for active Akt1, but not protein kinase C�.
Moreover, the long-term antioxidant effect of carnosol
was partially blocked by PI3K or HO-1 inhibitors, fur-
ther demonstrating that carnosol attenuates oxidative
stress through a pathway that involves PI3K and HO-1.

High levels of reactive oxygen species cause damage to cells
and are involved in several human pathologies, including neu-

rodegenerative disorders and cancer (1, 2). Therefore, the use of
compounds with antioxidant properties may help prevent or
alleviate diseases in which oxidative stress is a primary cause
(3). Carnosol, a diterpene derived from the herb rosemary, is a
representative member of a family of plant-derived phenols,
which also include curcumin, carnosic acid, phenylethyl iso-
thiocyanate, epigallocatechin gallate, and other green tea poly-
phenols. These bioactive phytochemicals exhibit Michael accep-
tor function and therefore behave as antioxidants (4). In
addition, being themselves xenobiotic compounds, they acti-
vate a xenobiotic response in the target cells affecting the
expression of phase II enzymes such as NAD(P)H:quinone ox-
idoreductase, aldoketoreductase, glutathione S-transferase,
�-glutamylcysteine synthetase, glutathione synthetase, and
heme oxygenase-1 (HO-1)1 (5–7).

Heme oxygenase isozymes (HO-1 and HO-2) catalyze the step-
wise degradation of heme to release free iron and equimolar
concentrations of carbon monoxide and the linear tetrapyrrole
biliverdin, which is converted to bilirubin by the enzyme biliver-
din reductase (8). The HO-1 isozyme is a phase II enzyme that is
transcriptionally regulated by a large variety of stimuli. These
include its substrate, heme (9, 10); oxidative stress (11, 12); the
signaling proteins nerve growth factor, tumor necrosis factor-�,
interleukin-1�, and interferon-� (13–15); and phenolic com-
pounds such as curcumin and caffeic acid (16). Many reports have
demonstrated the potent antioxidant activity of the heme-derived
metabolites generated by HO-1 catalysis (biliverdin and biliru-
bin) and the cytoprotective actions of carbon monoxide on vascu-
lar endothelium and nerve cells (17–20). Moreover, both HO-1-
deficient mice (21) and a human case of genetic HO-1 deficiency
(22) exhibit a serious impairment of iron metabolism, leading to
liver and kidney oxidative damage and inflammation. Therefore,
it is now widely accepted that induction of HO-1 expression
represents an adaptive response that increases cell resistance to
oxidative injury.

The signaling mechanisms used to activate transcription of
phase II genes such as HO-1 are poorly defined. Most studies
have focused on the activation of the mitogen-activated protein
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kinases (MAPKs) related to cell growth and stress response. In
vertebrates, the three major MAPK pathways are represented
by kinase cascades leading to activation of extracellular signal-
regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and
p38 (for a review, see Ref. 23). All three pathways appear to be
involved to some extent in the up-regulation of HO-1 expres-
sion in response to diverse stimuli. For instance, in rat hepa-
tocytes, sodium arsenite appears to regulate HO-1 expression
via activation of Ras and the JNK pathway, but not the ERK
pathway (24). On the other hand, arsenite induces HO-1 ex-
pression via the ERK and p38 pathways in LMH chicken hep-
atoma cells (25). Ischemia-reperfusion in the lung activates
HO-1 through JNK and p38 (26). Finally, regarding phytophe-
nols, curcumin up-regulates HO-1 through the p38 pathway in
porcine renal epithelial cells (27).

However, the role of the survival signaling pathway repre-
sented by phosphatidylinositol 3-kinase (PI3K)/Akt in the reg-
ulation of HO-1 expression is still not defined. An initial study
by Lee et al. (28) suggested a role for PI3K in the regulation of
the phase II enzyme NAD(P)H:quinone oxidoreductase. In ad-
dition, we previously showed that nerve growth factor induces
the expression of HO-1 by a still unknown PI3K-dependent
mechanism (13).

It is accepted that induction of HO-1 expression is mediated
through cis-regulatory DNA sequences located in their pro-
moter region. Among the large variety of putative regulatory
sites found in the promoter 5�-flanking region of human, rat,
mouse, and chicken HO-1 genes (29), most investigations have
focused on those that exhibit inducible responses to oxidative
signals (30). Several AP-1-binding sites have been shown to be
involved in the transcriptional induction of HO-1 by MAPKs,
cyclic nucleotides, protein phosphatase inhibitors, and the
polyphenol curcumin (31–33).

More recently, a new class of AP-1-related sites has been
shown to mediate oxidative stress responsiveness of phase II
genes. These regions are termed stress response elements or
antioxidant response elements (AREs) and are tightly regulated
by the redox-sensitive transcription factor Nrf2 (NF-E2-related
factor-2) (34). Nrf2 is a member of the Cap’n’Collar family of
transcription factors (35). Under non-stimulated conditions, Nrf2
is sequestered in the cytoplasm by binding to Keap1, an actin-
binding protein (36). Several stimuli, including oxidative stress,
lead to the disruption of this complex, freeing Nrf2 for translo-
cation to the nucleus and dimerization with basic leucine zipper
transcription factors such as Maf and Jun family members (37).
The mechanism by which Nrf2 is liberated from the Nrf2-Keap1
complex remains controversial, but probably involves phospho-
rylation and stabilization of Nrf2 protein (38, 39), which other-
wise has a half-life of just 30 min and is degraded via the ubiq-
uitin-proteasome pathway (39–41).

In this study, we analyzed the effect of carnosol on expres-
sion of the antioxidant enzyme HO-1, and we dissected the
signaling pathways leading to HO-1 regulation. Our results
indicate that carnosol activates HO-1 expression probably by
increasing Nrf2 protein levels in a PI3K/Akt-dependent man-
ner. Therefore, in addition to its intrinsic antioxidant nature,
carnosol activates the PI3K/Akt survival pathway and up-reg-
ulates expression of HO-1.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfections, and Reagents—Rat pheochromocytoma
PC12 cells were seeded on poly-D-lysine-coated plates and grown in
Dulbecco’s modified Eagle’s medium supplemented with 7.5% fetal bo-
vine serum, 7.5% heat-inactivated horse serum, and 80 �g/ml genta-
micin. Subconfluent cell cultures were maintained overnight (16 h) in
Dulbecco’s modified Eagle’s medium supplemented with 1% fetal bovine
serum and 1% horse serum, an experimental condition that does not
compromise viability in our PC12 cells (13, 42). For luciferase assays,

transient transfections of PC12 cells were performed with the expres-
sion vectors pGL3bv, pHO1–15-Luc, pHO1–15-Luc�E1, pHO1–15-
Luc�E2, pHO1–15-Luc(�E1��E2), pEF-Nrf2(DN), pEF18-MafG(DN)
(43), pCEFL(X�)Akt1(K179M) (42), pcDNA3-HA-PKC�(DN) (kindly
provided by Dr. J. Moscat, Centro de Biologı́a Molecular, Madrid),
pcDNA3, and pcDNA3-�-gal. LipofectAMINE reagent (Invitrogen) was
used according to the manufacturer’s instructions. Nerve growth factor
and carnosol were purchased from Calbiochem, and hemin, LY294002,
PD98059, SB203580, SP600125, and MG132 were from Sigma. These
drugs were dissolved in Me2SO and used at a final vehicle concentration
of �0.2%.

Analysis of mRNA Levels by Semiquantitative Reverse Transcription-
PCR—Cells were plated on 60-mm dishes, and total cellular RNA was
extracted using TRIzol reagent (Invitrogen). Equal amounts (1 �g) of
RNA from the different treatments were reverse-transcribed for 75 min
at 42 °C using 5 units of avian myeloblastosis virus reverse tran-
scriptase (Promega, Madison, WI) in the presence of 20 units of RNasin
(Promega). Amplification of cDNA was performed in 25 �l of PCR buffer
(10 mM Tris-HCl, 50 mM KCl, 5 mM MgCl2, and 0.1% Triton X-100, pH
9.0) containing 0.6 units of Taq DNA polymerase (Promega) and 30
pmol of synthetic gene-specific primers for HO-1 (forward, 5�-AAGGC-
TTTAAGCTGGTGATGG-3�; and reverse, 5�-AGCGGTGTCTGGGATG-
AACTA-3�). To ensure that equal amounts of cDNA were added to the
PCR, the �-actin gene was amplified using synthetic oligonucleotides
(forward, 5�-TGTTTGAGACCTTCAACACC-3�; and reverse, 5�-CGCTC-
ATTGCCGATAGTGAT-3�). After an initial denaturation step for 4 min
at 94 °C, amplification of each cDNA was performed for the minimal
number of cycles that allowed detection of basal HO-1 mRNA levels in
control cells (data not shown), 19 cycles for �-actin and 24 cycles for
HO-1, using a thermal profile of 1 min at 94 °C (denaturalization), 1
min at 58 °C (annealing), and 1 min at 72 °C (elongation). The amplified
PCR products were resolved by 1.8% agarose gel electrophoresis and
stained with ethidium bromide.

Real-time Quantitative PCR—Quantitative PCR was performed with
20 ng of cDNA obtained as described above in 25 �l containing 0.5 �M

primers (HO-1, 5�-GCCTGCTAGCCTGGTTCAAG-3� (forward) and 5�-
AGCGGTGTCTGGGATGAACTA-3� (reverse); and �-actin, 5�-GCCTC-
ACTGTCCACCTTCCA-3� (forward) and 5�-CCCGGCCTGAGTAGCAT-
GA-3� (reverse)) and the nucleotides, buffer, and Taq polymerase
included in SYBR Green I Mastermix (PE Applied Biosystems). Ampli-
fication was conducted in an ABI Prism 7700 sequence detection sys-
tem. PCR conditions were as follows: 50 °C for 2 min, 95 °C for 10 min,
40 cycles at 94 °C for 15 s, and 60 °C for 1 min. HO-1 expression was
estimated in duplicate samples and was normalized to �-actin expres-
sion levels.

Preparation of Nuclear Extracts—PC12 cells (5 � 106) were washed
three times with cold phosphate-buffered saline and harvested by cen-
trifugation at 1100 rpm for 10 min. The cell pellet was carefully resus-
pended in 3 pellet volumes of cold buffer containing 20 mM HEPES, pH
7.0, 0.15 mM EDTA, 0.015 mM EGTA, 10 mM KCl, 1% Nonidet-40, 1
�g/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 20 mM NaF, 1 mM

sodium pyrophosphate, and 1 mM Na3VO4. The homogenate was then
centrifuged at 500 � g for 20 min, and the nuclear pellet was resus-
pended in 5 pellet volumes of cold buffer containing 10 mM HEPES, pH
8.0, 25% glycerol, 0.1 M NaCl, 0.1 mM EDTA, 1 �g/ml leupeptin, 1 mM

phenylmethylsulfonyl fluoride, 20 mM NaF, 1 mM sodium pyrophos-
phate, and 1 mM Na3VO4. After centrifugation at 500 � g for 20 min,
nuclei were resuspended in 2 pellet volumes of hypertonic cold buffer
containing 10 mM HEPES, pH 8.0, 25% glycerol, 0.4 M NaCl, 0.1 mM

EDTA, 1 �g/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride, 20 mM

NaF, 1 mM sodium pyrophosphate, and 1 mM Na3VO4 and incubated for
30 min at 4 °C on a rotating wheel. Nuclear debris was removed by
centrifugation at 900 � g for 20 min at 4 °C; one part of the supernatant
was resolved by SDS-PAGE and submitted to immunoblot analysis
using anti-Nrf2 and anti-Sp1 antibodies. The rest of the supernatant
was used for electrophoretic mobility shift assay (EMSA). Protein con-
centration was determined with the Dc protein assay kit (Bio-Rad).

EMSAs—The double-stranded wild-type oligonucleotide used as the
Nrf2 probe was 5�-TTTTATGCTGTGTCATGGTT-3�. The complemen-
tary strand was annealed by incubation at a concentration of 250 ng/�l
in STE buffer (100 mM NaCl, 10 mM Tris, pH 8.0, and 1 mM EDTA) at
80 °C for 2 min. The mixture was then slowly cooled to 4 °C with a
thermal profile of 1 °C/min in a thermal incubator. Annealed oligonu-
cleotides were diluted to 25 ng/�l in STE buffer. The 5�-end labeling was
performed with T4 polynucleotide kinase (Promega) using 25 ng of
double-stranded oligonucleotide and 25 �Ci of [�-32P]ATP (3000 Ci/
mmol; Amersham Biosciences, Little Chalfont, Buckinghamshire,
United Kingdom). The labeled probes were purified using a Sephadex
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G-25 spin column (Amersham Biosciences). The binding reaction mix-
ture contained 5 �g of nuclear extract in buffer containing 40 mM

HEPES, pH 8.0, 50 mM KCl, 0.05% Nonidet-40, 1% dithiothreitol, and
10 �g/ml poly(dI)�poly(dC) in a total volume of 20 �l. Anti-Nrf2 antibody
(2 �g) or unlabeled competitor probe (25 ng) was added as indicated,
and the reaction was incubated for 1 h at 25 °C. Labeled DNA (0.25 ng)
was added to the mixture and submitted to an additional 20-min incu-
bation at 25 °C. Samples were resolved at 4 °C on a 5% nondenaturing
polyacrylamide gel in 0.5� Tris borate/EDTA. After electrophoresis, the
gel was dried and autoradiographed.

Immunoblotting—30 �g of cell lysate were resolved by SDS-PAGE
and transferred to Immobilon-P membranes (Millipore Corp.). Blots
were analyzed with the appropriate antibodies: anti-Cys20 Akt1 (1:500),
anti-ERK2 (1:1000), anti-p38 (1:1000), anti-Nrf2 (1:16000), and anti-
Sp1 (1:1000) (Santa Cruz Biotechnology, Santa Cruz, CA); anti-phos-
pho-Ser473 Akt1 (1:1000), anti-phospho-ERK2 (1:1000), and anti-phos-
pho-p38 (1:1000) (Cell Signaling Technology, Inc., Beverly, MA);
anti-phospho-JNK (1:1000) (Upstate Biotechnology, Inc., Lake Placid,
NY); anti-protein-disulfide isomerase (kind gift of Dr. González
Castaño, Universidad Autónoma de Madrid); and anti-HO-1 (1:1000)
and anti-HO-2 (1:1000) (Stressgen Biotech Corp., Victoria, British
Columbia, Canada). Appropriate peroxidase-conjugated secondary
antibodies (1:10,000) were used to detect the proteins of interest by
enhanced chemiluminescence.

Flow Cytometry—A FACScan flow cytometer (BD Biosciences) was
used to analyze intracellular reactive oxygen species with the fluores-
cence probe 2�,7�-dichlorodihydrofluorescein diacetate (H2DCFDA) (Mo-
lecular Probes, Inc., Leiden, The Netherlands), which passively diffuses
into the cell and is cleaved and oxidized to 2�,7�-dichlorofluorescein
(band pass 530/25 nm). Cells were submitted to carnosol, zinc-protopor-
phyrin IX (ZnPPIX), LY294002 (as indicated for each experiment), and
H2O2 (5 min); detached mechanically from the plates; washed once with
cold phosphate-buffered saline; and analyzed immediately. Three inde-
pendent samples of 10,000 cells were analyzed for each experimental
condition.

Statistics—Student’s t test was used to assess differences between
groups. A p value �0.05 was considered significant. All luciferase and
flow cytometry experiments were performed at least three times using
triplicate or quadruplicate samples per group. The values in graphs
correspond to the mean � S.E. of at least three samples. Densitometric
analyses were performed with NIH Image Version 2.51 software on
representative immunoblots from experiments that were repeated two
to five times.

RESULTS

Carnosol Induces Expression of HO-1—We investigated the
possibility that carnosol, a natural diterpene derived from the
herb rosemary, might alter the expression of the antioxidant
enzyme HO-1. PC12 cells were maintained for 16 h in Dulbec-
co’s modified Eagle’s medium supplemented with 7.5% fetal
bovine serum and 7.5% horse serum (high serum medium) or
with 1% fetal bovine serum and 1% horse serum (low serum
medium). Under both growing conditions, cells retained a sim-
ilar viability as determined by cytometric analysis of propidium
iodide incorporation and annexin V-phyroerythrin staining, at
least within the time frame of these experiments (data not
shown and Ref. 42). Cells were stimulated with 10 �M carnosol
for 6 h or with an equivalent volume of Me2SO vehicle (final
concentration of �0.2%) and analyzed for the amount of HO-1
protein. In agreement with a recent study (44), cells grown in
low serum medium exhibited a slight decrease in HO-1 protein
levels compared with cells grown in high serum medium (Fig.
1A). Interestingly, carnosol induced a significant increase in
HO-1 protein levels that was more evident in cells submitted to
low serum conditions. To further study the effect of carnosol on
induction of HO-1 expression, PC12 cells were maintained in
low serum medium for 16 h and then treated for 6 h with
carnosol concentrations ranging from 1 to 100 �M. Real-time
PCR (Fig. 1B) indicated that carnosol induced a maximal in-
crease (�200-fold) in HO-1 mRNA at 10 �M. Moreover, as
shown in Fig. 1C, semiquantitative PCR also evidenced a dose-
dependent increase in HO-1 mRNA levels. This increase was
not as high as that found with real-time PCR because amplicon

size and primers were different (see “Experimental Proce-
dures”) and because, to detect basal mRNA levels in the car-
nosol-untreated cells, it was necessary to increase PCR cycles
over the linear range in the carnosol-induced cells. In addition,
carnosol also produced a parallel increase in HO-1 protein
levels, whereas HO-2 levels corresponding to the other isozyme
constitutively expressed in these cells remained without signif-
icant alteration (Fig. 1D). Consistent with these data, 10 �M

carnosol also induced a time-dependent increase in HO-1
mRNA levels that was apparent as early as 2 h after treatment
and was followed by a robust increase in HO-1 protein levels at
4 h (Fig. 1, E and F). Similar results were obtained in other cell
lines of human and mouse origin (data not shown). Therefore,
these results suggest that carnosol specifically up-regulates
expression of the inducible HO-1 isozyme.

Carnosol Activates HO-1 through the AREs—The mouse ho1
promoter contains two AREs that might represent potential
targets of regulation by carnosol. To investigate this possibility,
PC12 cells were transfected with luciferase expression vectors
carrying the wild-type 15-kb mouse promoter or deletion mu-
tant versions lacking either the proximal (�E1) or distal (�E2)
ARE regulatory sequence or both regulatory sequences
(�E1��E2). Cells were maintained in low serum medium for
16 h and then stimulated with 10 �M carnosol for 16 h. As
shown in Fig. 2, deletion of ARE sequence E1 or E2 resulted in
30 and 36% decreases in carnosol induction, respectively. In-
terestingly, deletion of both AREs abolished the response to
carnosol. Therefore, these results suggest that carnosol acti-
vates HO-1 expression through both AREs.

Carnosol Increases the Levels of the Nrf2 Transcription Fac-
tor—Several transcription factors have been reported to inter-
act with AREs. However, considering that induction of HO-1
expression by several inducers requires de novo protein syn-
thesis (45, 46), we analyzed the possibility that this molecule
would operate on Nrf2, a transcription factor with a very short
half-life (39–41) that regulates AREs. PC12 cells were main-
tained in low serum medium for 16 h and then stimulated for
3 h with the carnosol concentrations indicated in Fig. 3A. As a
control, cells were also treated with the proteasome inhibitor
MG132. In agreement with previous studies (39–41), blockage
of proteolysis with MG132 resulted in a large accumulation of
Nrf2 protein within 3 h, even in the absence of carnosol. Inter-
estingly, carnosol increased Nrf2 levels in a dose-dependent
manner, with the maximal effect at 10 �M in our PC12 cells.
Additionally, we analyzed the time course of Nrf2 accumula-
tion in the presence of 10 �M carnosol. As shown in Fig. 3B, the
accumulation of Nrf2 protein was already detectable after 30
min in the presence of 10 �M carnosol and increased for at least
3 h during treatment. Of note, the combined treatment with the
proteasome inhibitor MG132 and carnosol did not significantly
increase Nrf2 levels over those obtained with each drug sepa-
rately, suggesting that carnosol prevents degradation of Nrf2
via the ubiquitin-proteasome pathway.

Next, we analyzed the nuclear levels of carnosol-induced
Nrf2 protein. As shown in Fig. 4A, both MG132 and carnosol
induced a strong accumulation of Nrf2 in the nucleus, whereas
the levels of the housekeeping transcription factor Sp1 were
stable. Moreover, we investigated whether the carnosol-in-
duced increase in Nrf2 in the nucleus was sufficient to promote
binding of protein complexes containing this transcription fac-
tor to the ARE (E1 sequence) corresponding to the mouse ho1
promoter. EMSA reactions were performed with nuclear ex-
tracts from cells exposed to carnosol or MG132. As shown in
Fig. 4B, one of the several retarded complexes formed was
significantly increased in intensity upon treatment with car-
nosol or MG132. Moreover, when the EMSA reaction was con-
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FIG. 1. Carnosol induces HO-1 expression. A, effects of serum and carnosol on the protein levels of HO-1 and HO-2 isozymes. PC12 cells were
maintained for 16 h in low or high serum medium and then stimulated with vehicle (Me2SO) or 10 �M carnosol for 6 h. Upper panel, immunoblot
with anti-HO-1 antibody; middle panel, immunoblot with anti-HO-2 antibody; lower panel, densitometric quantification of relative HO-1 protein
levels. B, real-time PCR determination of HO-1 mRNA levels in the presence of carnosol. PC12 cells maintained for 16 h under low serum
conditions were incubated with the indicated concentrations of carnosol and analyzed as described under “Experimental Procedures.” C,
semiquantitative reverse transcription-PCR showing a dose-dependent induction of HO-1 mRNA by carnosol. Upper panel, HO-1 mRNA; middle
panel, �-actin mRNA used for normalization; lower panel, densitometric quantification of relative HO-1 mRNA levels. D, dose-dependent induction
of HO-1 protein by carnosol. Upper panel, immunoblot with anti-HO-1 antibody; middle panel, immunoblot with anti-HO-2 antibody; lower panel,
densitometric quantification of relative HO-1 protein levels. For C and D, PC12 cells maintained in low serum medium for 16 h were treated with
the indicated carnosol concentrations for 6 h or with 50 �M hemin, a well established induced of HO-1, and then analyzed for HO-1 mRNA and
protein levels. E, time course of HO-1 mRNA expression by carnosol. Upper panel, HO-1 mRNA; middle panel, �-actin mRNA used for
normalization; lower panel, densitometric quantification of relative HO-1 mRNA levels. F, time course of HO-1 protein expression by carnosol.
Upper panel, immunoblot with anti-HO-1 antibody; middle panel, immunoblot with anti-HO-2 antibody; lower panel, densitometric quantification
of relative HO-1 protein levels. For E and F, PC12 cells were maintained in low serum medium for 16 h and then submitted to 10 �M carnosol for
the indicated times or with 50 �M hemin for 6 h.
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ducted in the presence of anti-Nrf2 antibody, the intensity of
this complex dropped dramatically, indicating the presence of
Nrf2 in the complex. Taken together, these results indicate
that carnosol increases both total and nuclear protein levels of
Nrf2, resulting in increased binding to the ARE promoter se-
quence of HO-1.

To verify the functional relevance of Nrf2 binding to the ho1
ARE, PC12 cells were cotransfected with pHO1–15-Luc and
expression vectors for dominant-negative mutants of either
Nrf2 or one of its dimerization partners, MafG. As shown in
Fig. 4C, the carnosol-induced activation of the ho1 promoter
was significantly decreased in the presence of dominant-nega-
tive Nrf2 or MafG or both mutants. These results further
suggest that Nrf2 mediates the carnosol-induced activation of
the ho1 promoter.

Carnosol Activates the Canonical MAPK Cascades and the
PI3K/Akt Pathway—To identify the signaling pathways used
by carnosol to induce HO-1 expression, we first analyzed the
effect of this phytophenol on the three MAPK cascades leading
to activation of ERK, p38 and JNK and on the survival path-
way represented by the PI3K and Akt kinases. The activation
of these pathways was analyzed with activation-specific anti-
bodies that selectively recognize the active and phosphorylated
forms of ERK, p38, JNK, and Akt (see “Experimental Proce-
dures”). Cells, maintained under low serum conditions, were
treated with 10 �M carnosol for the indicated times, and cell
lysates were immunoblotted with phospho-specific antibodies.
As shown in Fig. 5, carnosol activated the three MAPK cas-
cades as well as the PI3K/Akt pathway with different kinetics.
Maximal activation of ERK was observed after 30 min of stim-
ulation, whereas maximal activation of Akt, JNK, and p38
required at least 1 h. Moreover, ERK activation was more
transient. Therefore, we analyzed which of these pathways
might be involved in channeling the stimulus for HO-1 up-
regulation. Cells grown in low serum medium were preincu-
bated for 15 min with inhibitors of each pathway (LY294002
(PI3K), PD98059 (MEK), SB203580 (p38), and SP600125
(JNK)) and then stimulated with 10 �M carnosol for 6 h. The
effectiveness of these inhibitors was confirmed in carnosol-
treated cells with antibodies specific for phospho-ERK, phos-
pho-Jun, phospho-activating transcription factor-2, and phos-
pho-Akt1 (data not shown). As shown in Fig. 6A, HO-1 protein
levels increased following incubation with 10 �M carnosol, as
expected. Inhibition of the ERK and JNK pathways had little or

no effect on HO-1 protein levels, suggesting that these MAPKs
are not required for HO-1 up-regulation by carnosol. Curiously,
inhibition of both PI3K and, to a lower extent, p38 pathways
dramatically reduced the capacity of carnosol to increase HO-1
protein levels.

To further confirm these observations, we analyzed the effect
of carnosol on the upstream regulatory sequences of the mouse
ho1 gene. PC12 cells were cotransfected with expression vec-
tors for �-galactosidase (used for normalization) and pHO1–15-
Luc. After serum starvation, cells were pretreated with the
MAPK and PI3K inhibitors for 15 min and then incubated with
10 �M carnosol for 16 h. As shown in Fig. 6B, carnosol increased
luciferase activity, consistent with the notion that it activates
HO-1 expression. Moreover, the stimulation of this promoter
fragment was significantly reduced in the presence of the p38
and PI3K inhibitors and remained unaltered in the presence of
the ERK and JNK inhibitors. Therefore, these observations on
the mouse promoter correlate with the induction of the endog-
enous rat HO-1 protein and strongly suggest that carnosol
requires PI3K and, to a lower extent, p38 kinases to induce
HO-1 expression in PC12 cells.

Because other groups have described the involvement of p38
in activation of HO-1 in the presence of polyphenols (27), we
focused our study on the role of PI3K. Cells maintained in low
serum medium were pretreated with several concentrations of
the PI3K inhibitor LY294002 and then submitted to 10 �M

carnosol for 6 h. As a control for the effectiveness and specific-
ity of the inhibitor, we monitored the activation of the PI3K
downstream effector Akt1 after 30 min of carnosol addition
with the activation-specific anti-phospho-Akt antibody. As
shown Fig. 7A, LY294002 concentrations in the low micromolar
range successfully inhibited the carnosol-induced activation of
Akt and also blocked, at least partially, the increase in HO-1
and Nrf2 protein levels. Therefore, these results indicate that
PI3K is required to induce HO-1 expression and suggest that
the Nrf2 transcription factor may mediate, at least in part, this
response.

Next, we analyzed whether PI3K alone is sufficient to acti-
vate the ho1 promoter and the role of AREs in such a case. We
cotransfected PC12 cells with pcDNA3-�-gal, an expression
vector for constitutively active PI3K (PI3K-CAAX, where A is
aliphatic amino acid), and a luciferase expression vector
(pHO1–15-Luc, pHO1–15-Luc�E1, pHO1–15-Luc�E2, or
pHO1–15-Luc(�E1��E2)). As shown in Fig. 7B, active PI3K
was sufficient to induce the activity of the wild-type ho1 pro-
moter. However, this activation was significantly decreased in
the deletion mutants lacking the E1 or E2 site and was dras-
tically reduced in the double mutant lacking both sites. In
addition, we analyzed the requirement of Nrf2 for PI3K-in-
duced activation of the ho1 promoter. PC12 cells were cotrans-
fected with pHO1–15-Luc, pcDNA3-�-gal, and PI3K-CAAX to-
gether with the expression vectors for dominant-negative Nrf2
and MafG mutants. In several independent experiments, the
stimulatory effect of PI3K-CAAX on the ho1 promoter was
smaller in this experimental setting, implying cotransfection of
four plasmids, compared with the previous experiments per-
formed by cotransfection of two or three plasmids. Neverthe-
less, as shown in Fig. 7C, dominant-negative Nrf2 and MafG
alone or in combination significantly blocked PI3K-induced
activation of the ho1 promoter. These results indicate that
PI3K is sufficient to activate the ho1 promoter through the
AREs in an Nrf2-dependent manner.

We also analyzed the contribution of kinases regulated by
PI3K to the carnosol-induced up-regulation of HO-1. PC12 cells
were transfected with the expression vector pHO1–15-Luc and
hemagglutinin (HA)-tagged dominant-negative versions of

FIG. 2. Carnosol targets the mouse ho1 gene promoter at the
two AREs. PC12 cells were transfected with expression vectors for
luciferase under the control of the 15-kb 5�-promoter region of mouse
wild-type ho1 (WT) or the same promoter with deletions of E1 (�E1), E2
(�E2), or both regions (�E1��E2) comprising the AREs. In addition,
cells were cotransfected with pcDNA3-�-gal for normalization. 16 h
after transfection, cells were maintained in low serum medium for 16 h
and then stimulated with 10 �M carnosol for an additional 16 h. Cells
were lysed and analyzed for luciferase and �-galactosidase activities.
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Akt1 and protein kinase C� (PKC�), two well known effectors of
PI3K. Overexpression of these proteins was determined by
immunoblot analysis with anti-HA antibody (Fig. 8C). As
shown in Fig. 8A, transfection with dominant-negative
PKC�(K281W) did not have a significant effect on the response
to carnosol. By contrast, as shown in Fig. 8B, dominant-nega-
tive Akt1(K179M) significantly blocked the induction of HO-1.

Moreover, cotransfection of both expression vectors inhibited
carnosol induction to the same extent as dominant-negative
Akt1 alone (data not shown). These results suggest that Akt1
(rather than PKC�) is responsible for at least part of the car-
nosol-induced up-regulation of HO-1. Moreover, as shown in
Fig. 8D, PC12 cells stably transfected with active PI3K and
Akt1 versions displayed increased HO-1 protein levels, further

FIG. 3. Carnosol increases the levels of the Nrf2 transcription factor. Shown are the dose effects (A) and time course (B) of carnosol-
induced increases in Nrf2 protein levels. Upper panels, blots with anti-Nrf2 antibody; middle panels, blots with anti-protein-disulfide isomerase
(PDI) antibody used for normalization; lower panels, densitometric quantification of relative Nrf2 levels. In A, PC12 cells grown in low serum
medium were treated for 3 h with the indicated carnosol concentrations, with MG132 (20 �M), or with both MG132 (20 �M) and carnosol (10 �M)
as indicated. In B, PC12 cells maintained in low serum medium for 16 h were treated with 10 �M carnosol for the indicated times, with MG132,
or with MG132 plus carnosol for 3 h.

FIG. 4. Carnosol stimulates activation of ho1 promoter AREs by Nrf2. A, increases in Nrf2 protein levels in nuclear extracts of cells
treated with 10 �M carnosol or 20 �M MG132 for 3 h. B, EMSA reactions using a double-stranded oligonucleotide corresponding to the mouse ho1
ARE and nuclear extracts from cells treated with 10 �M carnosol or 20 �M MG132. The last two lanes correspond to cell extracts from
carnosol-treated cells preincubated without (�) or with (�) anti-Nrf2 antibody. The arrowhead points to the position of the complex that was not
formed in the presence of anti-Nrf2 antibody. C, requirement of Nrf2 and MafG for activation of the mouse ho1 promoter by carnosol. PC12 cells
were cotransfected with pHO1–15-Luc, pcDNA-�-gal, and expression vectors for dominant-negative (DN) versions of Nrf2 or MafG as indicated.
After 16 h of transfection, cells were kept in low serum medium for 16 h and then stimulated with 10 �M carnosol. After 6 h, cells were lysed and
analyzed for luciferase and �-galactosidase activities.
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indicating that the PI3K/Akt axis is sufficient to up-regulate
HO-1 expression.

Finally, we studied whether carnosol attenuates oxidative
stress through the induction of HO-1 expression and the rele-
vance of the PI3K pathway to such an induction. PC12 cells
maintained in low serum medium for 16 h were preloaded for
1 h at 37 °C with 8 �M H2DCFDA, a probe that passively
diffuses into cells and is cleaved and oxidized in the intracel-
lular environment to the green fluorescence-emitting com-
pound 2�,7�-dichlorofluorescein (47). Next, cells were treated
with Me2SO vehicle (control) or carnosol for 30 min and finally
exposed to 250 �M H2O2 for 5 min. Cells were immediately
analyzed by flow cytometry. As shown in Fig. 9 (A and B),
micromolar concentrations of carnosol dose-dependently pre-
vented the intracellular oxidation of the fluorescent probe de-
spite the presence of H2O2. Moreover, as shown in Fig. 9C, 10
�M carnosol fully prevented the oxidation of H2DCFDA by

H2O2 concentrations ranging from 50 to 500 �M. Because the
length of the carnosol incubation (just 30 min) was probably
insufficient to elicit a significant effect on gene expression,
these results support the intrinsic antioxidant nature of this
phytochemical, in agreement with other studies (48).

Next, we analyzed the long-term effect of carnosol after a 6-h
incubation, a time consistent with the induction of HO-1 ex-
pression through the PI3K/Akt pathway described in this
study. The antioxidant effect of carnosol was compared in the
presence of the HO-1 inhibitor ZnPPIX and the PI3K inhibitor
LY294002. PC12 cells maintained in low serum medium for
16 h were pretreated with vehicle, 10 �M LY294002, or 100 �M

ZnPPIX as indicated in Fig. 10 (A and B) and then incubated
with 10 �M carnosol for 30 min or 6 h. Finally, cells were
challenged with 250 �M H2O2 for 5 min and immediately ana-
lyzed by flow cytometry. As shown in Fig. 10A, ZnPPIX did not
significantly alter the antioxidant effect of carnosol after a

FIG. 5. Carnosol activates the
MAPK and PI3K pathways. PC12 cells
in low serum medium were stimulated
with 10 �M carnosol for the indicated
times and then immunoblotted with acti-
vation-specific antibodies that recognize
phospho-Akt1 (P-Akt1), phospho-ERK2
(P-ERK2), phospho-JNK (P-JNK), and
phospho-p38 (P-p38). Parallel immuno-
blots were analyzed for total kinase levels
with anti-Akt1, anti-ERK, anti-JNK, and
anti-p38 antibodies, respectively. The
graphs correspond to densitometric quan-
tification of phospho-Akt1, phospho-
ERK2, phospho-JNK, and phospho-p38
levels relative to total kinase levels.

FIG. 6. Effect of MAPK and PI3K inhibitors on induction of HO-1 by carnosol. A, upper panel, immunoblot with anti-HO-1 antibody;
lower panel, immunoblot with anti-protein-disulfide isomerase (PDI) antibody used for normalization. PC12 cells were maintained in low serum
medium for 16 h and then were preincubated with 40 �M LY294002 (LY), 50 �M PD98059 (PD), 5 �M SB203580 (SB), or 10 �M SP600125 (SP) for
15 min. Cells were submitted to 10 �M carnosol for 6 h. B, carnosol induces luciferase activity in the mouse ho1 promoter in the presence of the
MAPK and PI3K inhibitors. PC12 cells were cotransfected with pHO1–15-Luc and pcDNA3-�-gal vectors. After 16 h, cells were transferred to low
serum medium in the presence of the inhibitors and then stimulated with 10 �M carnosol for 16 h. Cells were lysed and analyzed for luciferase and
�-galactosidase activities.
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30-min incubation. By contrast, ZnPPIX partially (but not com-
pletely) blocked the long-term antioxidant effect of carnosol
after a 6-h incubation. Similarly, as shown in Fig. 10B, inhibi-
tion of PI3K by 10 �M LY294002 did not significantly alter the
antioxidant effect of carnosol after a 30-min incubation, but
partially reduced its antioxidant effect after a 6-h incubation.
These results indicate that induction of HO-1 by carnosol
through the PI3K pathway is essential to elicit at least part of
its long-term antioxidant effects (but see “Discussion”).

DISCUSSION

In this study, we have shown the involvement of the PI3K/
Akt survival pathway in the up-regulation of HO-1, a prototyp-
ical phase II enzyme, in response to the herb-derived diterpene
carnosol. We found that carnosol up-regulated HO-1 expression
by targeting the ARE sequences found in the mouse ho1 gene
promoter. The regulation of AREs by carnosol was mediated, at
least in part, through an increase in Nrf2 protein levels in a
PI3K- and Akt-dependent manner. To our knowledge, this is
the first study reporting the activation of the PI3K/Akt1 path-
way and its relevance to the induction of phase II enzymes by
food phytophenols with therapeutic potential.

Most studies on the regulation of phase II gene expression
have focused on the role of the MAPK pathways. Our results
indicate that, although the ERK, p38, and JNK pathways are
activated by carnosol, they do not participate equally in the
induction of HO-1 in PC12 cells. Thus, ERK and JNK are
dispensable for HO-1 up-regulation, whereas inhibition of p38
significantly reduces the response to carnosol. The role of
MAPKs in ARE activation remains controversial. For instance,
in agreement with our data, dominant-negative mutants of
JNK do not prevent cadmium induction of the mouse ho1
promoter (43). However, in rat hepatocytes, the glutathione
depletor pherone and arsenite promote a JNK-dependent in-
duction of ho1 gene expression (24, 49). Balogun et al. (27)
described the effect of curcumin on induction of HO-1 expres-
sion by promoting inactivation of the Nrf2-Keap1 complex in a
p38-dependent manner and subsequent binding of Nrf2 to the
AREs. Accordingly, arsenate induces a p38-dependent activa-
tion of the ho1 promoter in the LMH chicken hepatoma cell line
(50), but inhibition of p38 has no effect on cadmium-, arsenate-,
and hemin-dependent HO-1 mRNA induction in HeLa cells
(51). Our results are consistent with the requirement of p38 for
full activation of the ho1 promoter by carnosol because a ge-
neric inhibitor of p38 significantly reduced Nrf2 protein levels
(data not shown) and HO-1 protein levels and promoter activity
in response to carnosol. Finally, the ERK pathway is dispen-
sable for HO-1 induction in our system and in rat hepatoma
cells challenged with arsenite (24), but it is necessary in the
arsenite-induced response in LMH cells (50). One possible in-
terpretation for these diverging observations may stem from
the diverse assortment and intensity of the signaling pathways
activated by different inducers in different cell types. In this
regard, it is interesting to note that carnosol failed to induce
HO-1 at the highest concentration tested (100 �M) despite the
fact that this concentration yielded the strongest activation of
the MAPK pathways (data not shown), therefore suggesting
that specificity may rely not only on the nature of the inducer
and cell type, but also on the relative potencies of these
pathways.

We found that carnosol increased the levels of the Nrf2
transcription factor in the nucleus and its binding to the AREs.
The mechanisms leading to nuclear translocation of Nrf2 are
poorly defined, but certainly include the release from Keap1 in
the cytosol. However, because the half-life of this transcription
factor is very short (39–41), these mechanisms must necessar-
ily rely on the stabilization of Nrf2 protein. Our results dem-

FIG. 7. The PI3K/Akt axis is involved in the carnosol-induced
increase in Nrf2 protein levels and in ho1 promoter activation.
A, inhibition of PI3K prevents the increase in HO-1 and Nrf2 protein
levels in response to carnosol. PC12 cells maintained in low serum me-
dium for 16 h were preincubated with the indicated LY294002 (LY)
concentrations for 15 min and then with 10 �M carnosol for either 30 min
(immunoblot with anti-phospho-Akt1 antibodies (P-Akt1)) or 6 h (immu-
noblots with anti-HO-1, anti-Nrf2, and anti-protein-disulfide isomerase
(PDI) antibodies). B, PI3K induces HO-1 expression through regulation of
AREs. PC12 cells were transfected with pHO1–15-Luc, pHO1–15-
Luc�E1, pHO1–15-Luc�E2, or pHO1–15-Luc(�E1��E2) together with
either empty vector or the expression vector for active PI3K (PI3K-CAAX).
In addition, cells were cotransfected with pcDNA3-�-gal for normaliza-
tion. After 16 h of transfection, cells were transferred to low serum
medium for 16 h and analyzed for luciferase and �-galactosidase activi-
ties. C, induction of HO-1 expression by PI3K is attenuated by interfering
with Nrf2 function. PC12 cells were cotransfected with pHO1–15-Luc,
empty vector (pcDNA3), PI3K-CAAX, pcDNA-�-gal, and expression vec-
tors for the dominant-negative (DN) versions of Nrf2 and MafG as indi-
cated. After 16 h of transfection, cells were kept in low serum medium for
16 h and then stimulated with 10 �M carnosol. After 6 h, cells were lysed
and analyzed for luciferase and �-galactosidase activities. WT, wild-type.
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onstrate that carnosol indeed increased the levels of Nrf2, as
did the proteasome inhibitor MG132, suggesting that this phy-
tochemical blocks Nrf2 degradation. The increase in Nrf2 pro-
tein levels induced by carnosol was partially dependent on the
activation of PI3K because LY294002 concentrations that in-
hibited PI3K and the subsequent phosphorylation and activa-
tion of Akt1 decreased the carnosol-induced accumulation of
Nrf2 protein. However, inhibition of PI3K did not fully prevent
the carnosol-induced increase in Nrf2 and HO-1 protein levels,
suggesting that other elements, probably p38 and other PI3K-
independent pathways, are also involved in carnosol signaling
to Nrf2 and HO-1. Interestingly, active PI3K was sufficient to
activate the ho1 promoter through AREs, and constitutive ex-
pression of active PI3K or Akt yielded cells with increased
HO-1 levels.

In searching for the downstream kinases that might be re-
sponsible for the increased Nrf2 protein levels, we analyzed the
effect of PKC�. A dominant-negative version of this kinase
produced only a slight decrease in the carnosol-induced activa-
tion of the ho1 promoter, suggesting a very minor role for this
atypical PKC in HO-1 transcriptional regulation. However, a
recent study by Numazawa et al. (52) indicated that PKC�,
another member of the atypical PKC family, phosphorylates
Nrf2 at Ser40, leading to its release from Keap1 and nuclear
translocation. Whether the dispensability of PKC� is due to a
lack of involvement in the regulation of Nrf2 or to redundancy
with other atypical PKCs such as PKC� remains to be
determined.

On the other hand, a dominant-negative mutant of Akt1

significantly reversed the carnosol-induced activation of the
ho1 gene promoter. Contrary to PKC�, direct phosphorylation
of Nrf2 or Keap1 by Akt seems unlikely because these proteins
do not have a consensus phosphorylation sequence for Akt.
Because Nrf2 is regulated primarily at the level of stability, we
propose that Akt might be acting on the ubiquitin ligases
involved in its tagging for degradation. In fact, at least two
ubiquitin ligases, Mdm2 (53) and BRCA1/BARD1 (54), have
been reported to be substrates of Akt.

Interestingly, the activation of Akt by carnosol was a tran-
sient event that subsided by 2 h. However, Nrf2 protein levels
increased beyond 3 h. Therefore, transient activation of Akt
must result in persistent activation/inhibition of effector sub-
strates that regulate Nrf2, resulting in increased protein lev-
els. Thus, phosphorylation of the Nrf2-specific ubiquitin ligase
might result in its persistent inhibition, leading to a sustained
increase in Nrf2 protein levels. Alternatively, the transient
activation of Akt might activate transcription of stable proteins
that contribute to increased Nrf2 protein levels.

Plant-derived phenols exhibit strong antioxidant properties
due to Michael reaction acceptor function. Indeed, we have
observed the intrinsic antioxidant nature of carnosol because a
30-min pretreatment with this drug completely abolished the
oxidant effect of as much as 500 �M H2O2, as determined by the
blockage in the conversion of H2DCFDA to its oxidized green
fluorescent form, 2�,7�-dichlorofluorescein. More importantly
for this study, inhibition of the PI3K pathway leading to acti-
vation of Akt and up-regulation of HO-1 expression impaired
the long-term (but not short-term) antioxidant function of car-

FIG. 8. Carnosol requires Akt1 (but not PKC�) to activate the ho1 promoter. Cells were transfected with pHO1–15-Luc and the indicated
vectors for expression of dominant-negative (DN) Nrf2 or the indicated amounts of dominant-negative PKC� (A) or of dominant-negative Akt1 (B).
Cells were also transfected with pcDNA3-�-gal for normalization. After 16 h of transfection, cells were maintained in low serum medium for 16 h
and analyzed for luciferase and �-galactosidase activities. In C, HA-tagged dominant-negative versions of PKC� and Akt1 were detected by
immunoblotting with anti-HA antibody. Cells were treated in parallel with the luciferase experiments indicated for A and B, lysed, and
immunoprecipitated with anti-HA antibody. The immune complexes were resolved by SDS-PAGE and immunoblotted with anti-HA antibody. The
lower band corresponds to the immunoglobulin heavy chain (IgG H) of anti-HA antibody used during immunoprecipitation. In D, the immunoblots
show HO-1 protein levels in cells stably transfected with empty vector (pcDNA3), membrane-anchored active PI3K (PI3K-CAAX), and membrane-
anchored active myristoylated (myr) Akt1. Upper panel, immunoblot with anti-HO-1 antibody; lower panel, immunoblot with anti-protein-disulfide
isomerase (PDI) antibody.
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nosol, therefore evidencing the relevance of this pathway for
carnosol in conferring persistent antioxidant protection. Inter-
estingly, a fraction of about half of the antioxidant effect of
carnosol was insensitive to inhibition of PI3K and HO-1 at 6 h.
This observation is consistent with the possibility that, at this
time, there is still enough non-metabolized carnosol to main-
tain its intrinsic antioxidant effect. In fact, the PI3K and HO-1
inhibitors decreased H2DCFDA oxidation to levels similar to
those observed at 30 min. However, we favor the non-exclusive
hypothesis that carnosol also up-regulates other intracellular
antioxidant systems that do not belong to the PI3K/HO-1 mod-
ule and that also contribute to the long-term antioxidant prop-
erties of this compound. In fact, preliminary microarray data
from mouse neuroblastoma cells indicate that carnosol also
up-regulates the expression of mitochondrial manganese-de-
pendent superoxide dismutase and glutathione peroxidase
(data not shown). A corollary of this study is that pharmaco-

FIG. 9. Carnosol prevents oxidative stress. PC12 cells were main-
tained in low serum medium for 16 h and then loaded for 1 h with 8 �M

H2DCFDA and simultaneously treated with vehicle (control) or 10 �M

carnosol for 30 min. Finally, cells were exposed to 250 �M H2O2 for 5
min and immediately analyzed by flow cytometry. A, a representative
sample of 10,000 cells shown for vehicle-treated cells and cells treated
with H2O2 alone or in combination with carnosol. B, dose-dependent
antioxidant effect of carnosol. PC12 cells were loaded with H2DCFDA
and treated with Me2SO vehicle or the indicated carnosol concentra-
tions for 30 min. During the last 5 min, cells were exposed to 250 �M

H2O2 as indicated and rapidly used for flow cytometry analysis. C,
carnosol-mediated antioxidant protection against micromolar concen-
trations of H2O2. PC12 cells were loaded with H2DCFDA as described
above, incubated for 30 min with vehicle or 10 �M carnosol, and treated
for the last 5 min with increasing concentrations of H2O2 as shown.

FIG. 10. HO-1 and PI3K inhibitors attenuate long-term (but not
short-term) antioxidant protection of carnosol. A, effect of the
HO-1 inhibitor ZnPPIX on the antioxidant activity of carnosol; B, effect
of the PI3K inhibitor LY294002 on the antioxidant activity of carnosol.
PC12 cells were maintained in low serum medium for 16 h and then
loaded for 1 h with H2DCFDA. Cells were pretreated with either 100 �M

ZnPPIX (A) or 10 �M LY294002 (B) for 15 min and submitted to carnosol
for 30 min and 6 h as indicated. During the last 5 min of carnosol
incubation, cells were challenged with 250 �M H2O2 and then analyzed
by flow cytometry.
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logical activation of the PI3K/Akt pathway by this food-related
compound (leading to increases in Nrf2 and HO-1) efficiently
protects cells from oxidative stress and should be evaluated as
a new therapeutic approach in degenerative processes such as
Alzheimer’s and Parkinson diseases that correlate with oxida-
tive damage.
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