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BACKGROUND AND PURPOSE
Endocannabinoids such as anandamide (AEA) are important lipid ligands regulating cell proliferation, differentiation and
apoptosis. Their levels are regulated by hydrolase enzymes, the fatty acid amide hydrolase (FAAH) and monoacylglycerol
lipase (MGL). Here, we investigated whether FAAH or AEA are involved in NF (erythroid-derived 2)-like 2 (Nrf2)/antioxidant
responsive element (ARE) pathway.

EXPERIMENTAL APPROACH
The aim of this study was to analyse the effects of AEA or FAAH inhibition by the URB597 inhibitor or FAAH/siRNA on the
activation of Nrf2-ARE signalling pathway and heme oxygenase-1 (HO-1) induction and transcription.

KEY RESULTS
Endogenous AEA was detected in the immortalized human mammary epithelial MCF-10A cells (0.034 ng per 106 cells) but
not in MCF-7 or MDA-MB-231 breast cancer cells. Because breast tumour cells express FAAH abundantly, we examined the
effects of FAAH on Nrf2/antioxidant pathway. We found that inhibition of FAAH by the URB597 inhibitor induced antioxidant
HO-1 in breast cancer cells and MCF-10A cells. RNAi-mediated knockdown of FAAH or treatment with AEA-activated
ARE-containing reporter induced HO-1 mRNA and protein expression, independent of the cannabinoid receptors, CB1, CB2 or
TRPV1. Furthermore, URB597, AEA and siRNA-FAAH treatments induced the nuclear translocation of Nrf2, while siRNA-Nrf2
treatment and Keap1 expression blocked AEA, URB597 and si-FAAH from activation of ARE reporter and HO-1 induction.
siRNA-HO-1 treatment decreased the viability of breast cancer cells and MCF-10A cells.

CONCLUSIONS AND IMPLICATIONS
These data uncovered a novel mechanism by which inhibition of FAAH or exposure to AEA induced HO-1 transcripts and
implicating AEA and FAAH as direct modifiers in signalling mediated activation of Nrf2-HO-1 pathway, independent of
cannabinoid receptors.

Abbreviations
AEA, ‘anandamide’, N-arachidonoylethanolamine; AA, arachidonic acid; AG, 2-arachidonoylglycerol; CB1, cannabinoid
receptor 1; CB2, cannabinoid receptor 2; DHEA, docosahexaenoylethanolamine; EEA, eicosanoylethanolamine;
EPEA, eicosapentaenoylethanolamine; FAAH, fatty acid amide hydrolase; MGL, monoacylglycerol lipase; NAPE,
N-acyl-phosphatidylethanolamine; OEA, oleoylethanolamine; PEA, palmitoylethanolamine.
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Introduction
The endocannabinoid system is a complex endogenous sig-
nalling system, composed of transmembrane endocannabi-
noid receptors (the cannabinoid receptors, CB1 and CB2),
their endogenous ligands (the endocannabinoids), the pro-
teins involved in endocannabinoid synthesis and inactiva-
tion, as well as the intracellular signalling pathways affected
by endocannabinoids (Bisogno et al., 2005). Anandamide
(AEA) and 2-arachidonoylglycerol (2-AG) are the two best-
characterized endocannabinoids identified to date. Accumu-
lating evidence indicated that the endocannabinoid system
regulates multiple physiological and pathological conditions,
such as food intake, immunomodulation, inflammation,
analgesia, addictive behaviour, epilepsy, pain, glaucoma,
cancer and neurodegenerative disorders such as Parkinson’s
disease and multiple sclerosis (Alpini and Demorrow, 2009;
Guindon and Hohmann, 2009). Cannabinoids also inhibit
cancer cell proliferation, reduce angiogenesis, cell migration
and metastasis, and inhibit carcinogenesis and attenuate
inflammatory processes (Oesch and Gertsch, 2009). MDA-
MB-231 and MCF-7 cells express CB1 and CB2 receptors
(Qamri et al., 2009; Nasser et al., 2011). Studies in cancer
biology have shown that AEA exerts anti-proliferative effects
on various cancer types via receptor-dependent and receptor-
independent manners (Alpini and Demorrow, 2009). AEA has
been demonstrated to inhibit human breast cancer cell pro-
liferation (De Petrocellis et al., 1998; Melck et al., 1999; Laezza
et al., 2006), adhesion and migration (Grimaldi et al., 2006)
in CB1 receptor-dependent manner. In comparison, growth-
promoting effects of AEA have also been reported in several
types of cancer cell lines (Hart et al., 2004). Thus, the specific
roles of AEA in tumourogenesis are not clear, and why AEA
has opposing effects on tumour cells, and whether these AEA
effects are mediated by activation of cannabinoid receptors.

The endocannabinoid ligands exert functions mainly
through binding and activation of cannabinoid receptors
(McAllister and Glass, 2002). However, other signalling
pathways, such as vanilloid receptors (TRPV1) (Di Marzo
et al., 2001), PPARs (O’Sullivan, 2007), reactive oxygen
species (ROS) signalling and the intracellular Ca2+ signalling
(Siegmund et al., 2005; 2006), have also been reported to be
activated by AEA. Therefore, it is not known which signalling
pathway(s) are affected by the increased activities of AEA in
breast cancer cells.

Recent study on comparative gene profiling of gene
expression in BV-2 microglial cells treated with either non-
psychoactive cannabidiol (CBD) or with psychoactive can-
nabinoid D9-tetrahydrocannabinol (THC) showed differential
transcriptional profiles by THC and CBD (Juknat et al., 2012).
Specifically, THC and lower levels of CBP induced cellular
stress response involving GCN2/e1F2a/p8/ATF-4/CHOP-
TR1B3 pathway, which suggested that this effect could under-
lie its anti-inflammatory activity (Juknat et al., 2012).

Fatty acid amide hydrolase (FAAH) is an integral mem-
brane protein that hydrolyses bioactive amides, such as endo-
cannabinoid AEA, to form free fatty acid and ethanolamine.
Genetic or chemical inhibition of FAAH has shown that
blocking the degradation pathway results in an increase in
AEA levels (Alpini and Demorrow, 2009; Clapper et al., 2009).
URB597 is widely regarded as a specific FAAH inhibitor

(Kathuria et al., 2003; Piomelli et al., 2006). In pre-clinical
laboratory tests, URB597 increased the production of endo-
cannabinoid AEA, resulting in measurable antidepressant and
analgesic effects (Gobbi et al., 2005; Clapper et al., 2009).
Thus, inhibition of AEA deactivation is considered to be
useful in decreasing the susceptibility of cannabis depend-
ence (Clapper et al., 2009). Although TCH and CBD were
shown to be involved in cellular stress response (Juknat et al.,
2012), it is not clear if FAAH and AEA are also able to induce
antioxidant response.

Transcriptional activation of protective genes is mediated
by a cis-acting element called the antioxidant response
element (ARE). The transcription factor NF-E2-related factor 2
(Nrf2) binds to the ARE and activate this pathway to protect
cells from oxidative stress-induced cell death (Kobayashi and
Yamamoto, 2005; Kobayashi and Tong, 2006). Nrf2 has been
demonstrated to be a key transcriptional factor that activates
heme oxygenase-1 (ho-1) gene through the ARE (Martin et al.,
2004; Kobayashi and Yamamoto, 2005; Lee and Surh, 2005;
Kobayashi and Tong, 2006). In the presence of stimuli, Nrf2
is dissociated from its cytosolic sequestering protein Keap1,
leading to subsequent translocation into the nucleus, thereby
activating ARE (Kobayashi and Tong, 2006). PKC, PI3K and
MAPK (p38, ERK1/2 and JNK) have been shown to regulate
Nrf2-ARE activity in the presence of various stimuli (Martin
et al., 2004; Kobayashi and Yamamoto, 2005; Lee et al., 2005).
Heme oxygenase (HO) is a rate-limiting enzyme of heme
catabolism (Maines, 1988). At least three mammalian HO
isoforms have been identified. HO-1 is a stress-responsive
protein induced by heat, heavy metals, cytokines, endotoxin,
oxidants and heme. Compelling evidence revealed that
induction of HO-1 protect against a variety of stress condi-
tions such as hydrogen peroxide, cisplatin, UV irradiation
and inflammatory cytokine-mediated cell damages (Ewing
et al., 2005; Lin et al., 2005; 2007; Kim et al., 2006). In addi-
tion, the therapeutic roles of HO-1 in inflammatory and
cardiovascular diseases have been proposed (Pae and Chung,
2009; Wang et al., 2009). However, HO-1 has been shown to
have anti-apoptotic and pro-angiogenic effects in murine
cancer models, such as colon (Fang et al., 2003), haepatoma
(Tanaka et al., 2003) and in human pancreatic cancer
(Sunamura et al., 2003). HO-1 is usually highly expressed in
tumours and can be further increased by many cancer che-
mopreventive agents (Jozkowicz et al., 2007). In addition,
HO-1 expression renders cancer cells growth advantage and
cellular resistance against chemotherapy and photodynamic
therapy (Fang et al., 2004; Nowis et al., 2006). In contrast, the
beneficial roles of HO-1 in inhibiting human breast cancer
cell proliferation and invasion have been reported (Hill et al.,
2005; Lin et al., 2008). Thus, HO-1 expression may play
important roles in normal physiology and pathophysiology
of various diseases.

Given that endocannabinoid system regulates multiple
physiological and pathological conditions, including inflam-
mation and redox status (Siegmund et al., 2005, 2006;
Guindon and Hohmann, 2009), we investigated the relation-
ship between AEA signalling and antioxidants in breast
cancer cells. Here, we show that AEA and inhibition of FAAH
activate Nrf2 transcription factor, leading to an induction of
HO-1 in breast cancer cells, independent of cannabinoid
receptors. Depletion of HO-1 resulted in a decrease in cell
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number in breast cancer cells. Our results suggest that AEA
signalling-mediated activation of Nrf2-HO-1 pathway could
favour the survival of breast cancer cells.

Methods

Cell culture
MCF-7 and MDA-MB-231 breast cancer cell lines were
obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA). The cells were maintained in RPMI1640
medium supplemented with 10 % FBS, penicillin/
streptomycin and glutamine, in 5% CO2 incubator at 37°C.
MCF-10A immortalized human breast epithelial cells were
provided by Dr Harikrishna Nakshatri (Indiana University
School of Medicine) and cultured in DMEM/F-12 1:1 medium
supplemented with 10% FBS, penicillin/streptomycin,
insulin, hydrocortisone and EGF, in 5% CO2 incubator at
37°C.

Chemicals, URB597, AEA and N-acetyl cysteine (NAC)
were purchased from Sigma (St. Louis, MO, USA). AM251,
AM630, THC, CP55940 and R(+)-methanandamide were
purchased from Tocris (Ellisville, MO, USA). Capsazepine,
oleoylethylamide (OEA) and PF-622 were obtained from
Cayman Chemical (Ann Arbor, MI, USA). The chemicals were
dissolved in dimethyl sulfoxide (DMSO) or ethanol, and the
working solutions for cellular treatment were diluted more
than 3000 times.

Anti-HO-1 antibody was purchased from Enzo (Plymouth
Meeting, PA, USA). Anti-NQO-1 antibody and anti-Nrf2
polyclonal antibody were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Anti-FAAH antibody was
purchased from Cell Signaling (Danvers, MA, USA). Anti-
actin antibody and anti-lamin B1 monoclonal antibody were
obtained from EMD (Gibbstown, NJ, USA) and Invitrogen
(Carlsbad, CA, USA) respectively.

Short interfering (si) RNA transfection
The HiPerFect transfection reagent (QIAGEN, Valencia, CA,
USA) was used to deliver siRNA against Nrf2, FAAH, GFP, GL2
and HO-1 into cells. HO-1 FlexiTube GeneSolution siRNA,
GL2 and GFP-22 siRNA (Cat. No. 1022064) were purchased
from QIAGEN. FAAH siRNA (sc-106807) was obtained from
Santa Cruz Biotechnology. siGENOME SMARTpool of human
Nrf2 (Cat. No. M-003755-02) was purchased from Thermo
Scientific Dharmacon RNAi Technologies (Lafayette, CO,
USA).

Luciferase assay
Lipofectamine Plus reagent (Invitrogen) was used to deliver
plasmids into mammalian cells. The nqo1-ARE-Luc promoter
reporter (Nioi et al., 2003) was provided by Drs Ken Itoh and
Masayuki Yamamoto (Center for Tsukuba Advanced Research
Alliance and Institute of Basic Medical Sciences, University
of Tsukuba, Tsukuba, Japan) and pCMV-b-galactosidase
(Clontech, Mountain View, CA, USA) was co-transfected to
monitor the transfection efficiency. After transfection with
the reporter plasmid and pCMV-b-galactosidase, the cells
were treated with URB597 or AEA overnight, followed by
luciferase activity assay. siRNAs against Nrf2, FAAH and

control GFP were transfected into cells 1 day before the
reporter or pCMV-b-galactosidase plasmids were transfected.
Keap1 plasmid (Furukawa and Xiong, 2005) was co-expressed
with the nqo1-ARE-Luc reporter and pCMV-b-galactosidase in
order to determine the effect of Keap1 on the nqo1 promoter
activity. The luciferase activity was determined by using luci-
ferase assay kit (Promega, Madison, WI, USA) and normalized
by b-galactosidase activity (Promega). The fold increase of
luciferase activity was obtained from at least three independ-
ent experiments performed in triplicate. Standard deviation
was calculated.

Isolation of the nuclear proteins
The cytoplasm and nuclear fractionation kit (Thermo Scien-
tific Pierce, Rockford, IL, USA) were used to separate the
nuclear proteins.

SDS-PAGE and Western blotting
In some experiments, total proteins were lysed in 2¥ Laemmli
buffer (125 mM Tris–HCl, 4% SDS, 20% glycerol), followed by
boiling for 5 min. Protein assay kit (Bio-Rad, Hercules, CA,
USA) was used to determine protein concentration. The
nuclear fraction was diluted in 2¥ Laemmli buffer before
being applied to SDS-PAGE. After SDS-PAGE, proteins were
transferred to PVDF membrane (Millipore). The membranes
were blocked with 5% milk in PBS buffer containing 0.1%
Tween 20 for 2 h at room temperature. Then, the membranes
and first antibodies diluted with 5% milk in PBS buffer con-
taining 0.1% Tween 20 were incubated for 1–2 h at room
temperature or overnight at 4°C. The secondary antibodies
conjugated with HRP (GE Healthcare, Piscataway, NJ, USA)
(diluted 6000 times) were incubated with membranes for 1 h
at room temperature.

Reverse transcriptase (RT)-PCR
Total RNA was isolated by using Trizol reagent (Invitrogen).
Furthermore, 20–50 ng of total RNA was used for RT-PCR.
Human HO-1 forward primer sequence is 5′-GAGACGG
CTTCAAGCTGGTGATG-3′; human HO-1 reverse primer
sequence is 5′-GTTGAGCAGGAACGCAGTCTTGG-3′. Human
NQO-1 forward primer sequence is 5-AGGCTGGTTTGAG
CGAGT-3; NQO-1 reverse primer sequence is 5-ATTGAATTC
GGGCGTCTGCTG-3. Human actin forward primer sequence
is 5-GCTCGTCGTCGACAACGGCTC-3; actin reverse primer
sequence is 5-AAACATGATCTGGGTCATCTTCTC-3. The
One-step RT-PCR kit (QIAGEN) was applied to perform semi-
quantitative RT-PCR. The One-step RT-PCR program is as
follows: 1 cycle of 50°C for 30 min, followed by 1 cycle of
94°C for 15 min, and 27 cycles of 94°C for 0.5 min, 50°C for
0.5 min, 72°C for 2 min, and 1 cycle of 72°C for 10 min then
4°C.

Real-time RT-PCR
In addition, 1 ng of total RNA was used to analyse HO-1
mRNA levels. The reactions were carried out using QuantiFast
one-step SYBR Green RT-PCR kit in Applied Biosystems 7300
Real-Time PCR System. HO-1 primers (QT00092645) and
b-actin primers (QT00095431) were obtained from QIAGEN.

Crystal violet cell viability assay
Furthermore, (3–4) ¥ 104 cells seeded in 24 well plates were
treated with siRNA against GL2, HO-1 or Nrf2. After 3 days,
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the living cells were stained with crystal violet and the
OD570 was determined. Changes in cell numbers were
obtained from comparison of OD570 between vehicle-treated
cells and si-HO-1- or Nrf2-treated cells.

Endocannabinoid levels in treated breast
cancer cells
Endocannabinoid levels in breast cancer cells (MCF-10A cells)
were analysed as described (Folch et al., 1957; Williams et al.,
2007). The cells were grown in culture for 24 h, collected and
washed with PBS. Sample size was 106 cells for analysis. The
extraction procedure for the calibration standards, quality
control samples in BSA and cell pellets was a modified version
of the Folch extraction (Folch et al., 1957; Williams et al.,
2007). The cell samples were homogenized in ice-cold
acetone : PBS, pH 7.4 (3:1) and internal standard with a
handheld homogenizer followed by sonication for 1 min to
further disrupt the cells. All samples were centrifuged at
14 000¥ g for 5 min at 4°C. The resulting supernatants were
dried under nitrogen until the acetone was removed. To the
remaining supernatant, 100 mL PBS, 1 vol. methanol and 2
vol. chloroform were added for liquid–liquid phase extraction
of the lipids. The two phases were separated by centrifugation
and the bottom organic layer was evaporated to dryness
under nitrogen. Samples were reconstituted in 50 mL of
ethanol, vortexed and sonicated briefly, and centrifuged prior
to analysis.

Chromatographic separation was then achieved using an
Agilent Zorbax SB-CN column (2.1 ¥ 50 mm, 5 mm) on a
Finnigan TSQ Quantum Ultra triple quad mass spectrometer
(Thermo Electron, San Jose, CA, USA) with an Agilent 1100
HPLC on the front end (Agilent Technologies, Wilmington,
DE, USA) as previously described (Williams et al., 2007). The
mobile phase consisted of 10 mM ammonium acetate, pH 7.3
(A), and methanol (B) in a flow rate of 0.5 mL min-1; the
autosampler was kept at 4°C to prevent analyte degradation.
Eluted peaks were ionized via atmospheric pressure chemical
ionization in MRM mode. Deuterated internal standards were
used for each analyte’s standard curves and their levels per
106 cells were determined.

Statistical analysis
Data are reported as mean � SEM. The Student’s t-test and
one-way ANOVA test were used to assess the significance of
independent experiments. P < 0.05 was used as the criterion
to determine statistical significance.

Results

Endocannabinoid levels in breast cancer cells
First, we examined the endogenous levels of endocannabi-
noids in breast cancer cells. Standard curves for each endo-
cannabinoid were linear with a regression value of �0.996.
The extraction efficiencies for the quality controls in BSA
compared to those in ethanol were greater than 90%. AEA
and EEA were only detected in MCF-10A cells (Table 1) at low
levels of 0.034 and 0.336 ng per 106 cells. PEA was detected in
MCF-10A cells, as well as MDA-MB-231 cells and MCF-7 cells.
Additional substrates of FAAH, such as DHEA and EPEA, were
not detected in any of the cell lines (Table 1). Although breast
cancer cells do not express AEA, these cells express FAAH
enzymes abundantly as reported (Di Marzo et al., 2001;
Egertova et al., 2004) and FAAH can be induced in these cells
in response to oxidative stress (Wei et al., 2009).

Inhibition of FAAH by URB597 induces
antioxidants HO-1 in breast cancer cells
In an attempt to investigate the action of URB597 in breast
cancer cells, we found that URB597 induces the levels of
antioxidants HO-1 and NQO-1 in MCF-7 and MDA-MB-231
cells. As antioxidant enzymes play important roles in a wide
variety of physiological and pathological processes, we inves-
tigated the mechanism of antioxidant induction through
inhibition of FAAH. Induction of HO-1 and NQO-1 mRNA
was observed after 6 h of treatment with 5 mM of URB597 in
MCF-7 cells and MDA-MB-231 cells, as demonstrated by
RT-PCR (Figure 1A). An increase in the levels of HO-1 and
NQO-1 proteins was observed in these cells upon URB597
treatment (Figure 1B). Quantitative RT-PCR assay for HO-1
mRNA showed that URB597 increased HO-1 mRNA levels by
1.40 in MCF7 cells (Supporting Information Figure S1A,B). To
examine whether HO-1 and NQO-1 were regulated by
URB597 at transcriptional levels, we analysed the activation
of the ARE sequence-containing nqo1 promoter-driven luci-
ferase reporter (nqo1-ARE-Luc) (Nioi et al., 2003), and HO-1
promoter-driven luciferase reporter in the presence of
URB597. URB597 treatment (5 and 10 mM) activated the
nqo1-ARE-Luc in MCF-7 and MDA-MB-231 cells in a dose-
dependent manner (Figure 1C). URB597 also activated the
HO-1 promoter reporter in MCF-7 cells and MDA-MB-231
cells (data not shown). We also demonstrated that the alter-
native FAAH inhibitor PF-622 also induced HO-1 protein
expression in MCF-7 cells after 24 h of treatment (Supporting

Table 1
Endocannabinoid ethanolamide levels in breast cancer cells and MCF-10A cells

Cell lines AEA PEA OEA DHEA EPEA EEA

MCF-10A 0.034 0.336 0.061 ND ND 0.048*

MCF-7 ND 0.078 0.036 ND ND ND

MDA-MB-231 ND 0.117 0.082 ND ND ND

Cells (106 cells per group) were collected and analysed for endocannabinoid ethanolamide levels. Values are in ng per 106 cells. ND indicates
that the analyte was not detected in the sample. Starred values (*) were quantified lower than standard curve.
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Information Figure S2). Thus, these data suggest that inhibi-
tion of FAAH by chemical inhibitor URB597 induces antioxi-
dants HO-1 and NQO-1 expression at transcriptional levels in
breast cancer cells. Because HO-1 has been implicated in
the reduction of free radical formation, inflammation and
tumour cell resistance to chemotherapy, we then focused on
the mechanism by which URB597 regulates the transcription
of HO-1 in breast cancer cells.

AEA activates HO-1 transcription
To analyse whether URB597 acts on HO-1 transcription via
AEA, we assessed HO-1 transcripts in the presence of AEA.
Addition of 2.5 mM of AEA increased the expression levels of
HO-1 mRNA and protein in MCF-7 and MDA-MB-231 cells

(Figure 2A). Because the results are similar in both cell lines,
we will present data obtained from MCF-7 cells only as
detailed below. Quantitative RT-PCR assay for HO-1 mRNA
also showed that AEA treatment increases HO-1 mRNA
levels by 1.88-fold in MCF7 cells (Supporting Information
Figure S1A,B). AEA activated the nqo1-ARE-Luc reporter in
MCF-7 cells (Figure 2B) in a dose-dependent manner, suggest-
ing that AEA activates HO-1 transcription. Addition of
1–5 mM of 2-AG, another endocannabinoid ligand, could not
activate the basal activity of nqo1-ARE-Luc reporter in MCF-7
cells (Figure 2B). This suggests that AEA specifically regulates
HO-1 and NQO-1 transcription. The nqo1-ARE-Luc reporter
assay was further performed to investigate the effects of other
cannabinoid ligands.

R(+)-Methanandamide is a metabolically stable congener
of AEA that has higher affinity for the CB receptor and it
mimics AEA activity in many cellular events (Abadji et al.,
1994). R(+)-Methanandamide could not activate nqo1-ARE-
Luc reporter in MCF-7 cells (Figure 2C) at the doses of 5 or
10 mM. The synthetic cannabinoid ligands THC and CP55940
also failed to activate nqo1-ARE-Luc reporter in MCF-7 cells
(Figure 2D). However, oleoylethylamide (OEA), another sub-
strate of FAAH, increased the levels of HO-1 protein in MCF
7 cells upon 24 h of treatment (Supporting Information
Figure S2). Taken together, these data demonstrate that AEA
specifically up-regulates HO-1 transcription.

Next, we investigated if inhibition of FAAH by URB597
potentiates the AEA-dependent activation of nqo1-ARE-Luc
reporter. MCF-7 cells transfected with nqo1-ARE-Luc reporter
were pretreated with 1 mM of URB597 for 1 h and followed by
1 mM of AEA treatment for 16 h. Pretreatment with 1 mM of
URB597 increased the AEA-mediated nqo1-ARE-Luc reporter
activity (Figure 2E), suggesting that URB597 enhances the
effect of AEA in activating HO-1 transcription.

Figure 1
URB597 induces HO-1 and NQO-1 transcripts in breast cancer cell
lines. (A) URB597 increases mRNA levels of HO-1 and NQO-1. Fur-
thermore, 50 ng of total RNA of MCF-7 cells or MDA-MB-231 cells
treated with vehicle (DMSO) and URB597 (5 mM) for 6 h was sub-
jected to semi-quantitative RT-PCR to determine the levels of HO-1
and NQO-1 mRNA. b-Actin was used as a control for semi-
quantitative RT-PCR. (B) URB597 increases protein levels of HO-1 and
NQO-1. 25 mg of total protein extract of MCF-7 cells or MDA-MB-
231 cells treated with vehicle (DMSO) and URB597 (5 mM) for 16 h
was subjected to detect the levels of HO-1 and NQO-1 protein. Equal
loading of proteins was demonstrated by anti-actin antibody. The
levels of HO-1 and NQO-1 expression were normalized to actin
expression and the relative expression was represented graphically.
All the figures are representative of three independent experiments.
(C) URB597 activates nqo1-ARE-Luc reporter in MCF-7 cells and
MDA-MB-231 cells. In 6 well plates, MCF-7 cells or MDA-MB-231
cells were co-transfected with 0.5 mg of nqo1-ARE-Luc reporter and
0.15 mg of pCMV-b-galactosidase plasmids, followed by DMSO
(vehicle) and URB597 (5 and 10 mM) treatment for 16 h. URB597-
induced luciferase activity was normalized by b-galactosidase activity.
The induction of reporter activation was represented as fold increase
with respect to the vehicle-treated control. The data represent the
mean � SD of at least three independent experiments performed in
triplicate. *P < 0.05 as compared with the control.
�
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Figure 2
AEA induces HO-1 transcription. (A) AEA induces HO-1 expression. MCF-7 cells and MDA-MB-231 cells were treated with 2.5 mM of AEA for 6 h.
The mRNA levels of HO-1 were determined by semi-quantitative RT-PCR as in Figure 1A. Total lysates of MCF-7 cells or MDA-MB-231 cells treated
with vehicle (DMSO) and AEA (2.5 mM) for 16 h were applied to detect the levels of HO-1 protein. The levels of HO-1 expression were normalized
to actin expression and the relative expression was represented graphically. All figures are representative of three independent experiments.
(B) AEA, but not 2-AG, activates nqo1-ARE-Luc reporter in a dose-dependent manner. MCF-7 cells co-transfected with reporter (0.5 mg) and
pCMV-b-galactosidase (0.15 mg) were treated with increasing doses (1, 2.5 and 5.0 mM) of AEA or 2-AG for 16 h. Luciferase activity assay and data
analysis were performed as in Figure 1C. The data represent the mean � SD of at least three independent experiments performed in triplicate.
(C) R(+)-Methanandamide fails to activate nqo1-ARE-Luc reporter. MCF-7 cells co-transfected with reporter (0.5 mg) and pCMV-b-galactosidase
(0.15 mg) were treated with increasing doses (5 and 10 mM) of R(+)-methanandamide and 2.5 mM of AEA for 16 h. Luciferase activity assay and
data analysis were performed as in Figure 1C. The data represent the mean � SD of at least three independent experiments performed in
triplicate. M-AEA: R(+)-Methanandamide. (D) THC and CP55940 fail to activate nqo1-ARE-Luc reporter. MCF-7 cells co-transfected with reporter
(0.5 mg) and pCMV-b-galactosidase (0.15 mg) were treated with increasing doses (5 and 10 mM) of THC and CP55940 and 2.5 mM of AEA for 16 h.
Luciferase activity assay and data analysis were performed as shown in Figure 1C. The data represent the mean � SD of at least three independent
experiments performed in triplicate. (E) AEA-mediated nqo1-ARE-Luc reporter activation is augmented by URB597. MCF-7 cells transfected with
nqo1-ARE-Luc reporter (0.5 mg) and pCMV-b-galactosidase (0.15 mg) were pretreated with 1 mM of URB597, followed by 1 mM of AEA treatment
for 16 h. Luciferase activity assay and data analysis were performed as in Figure 1C. The data represent the mean � SD of at least three
independent experiments performed in triplicate. *P < 0.05 as compared with the control untreated cells.
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URB597- and AEA-induced HO-1 expression
is independent of CB receptors
It has been demonstrated that AEA exerts varieties of activity
in CB1 receptor- and CB2 receptor-dependent, CB receptor-
independent manners (Di Marzo et al., 2001; McAllister and
Glass, 2002; O’Sullivan, 2007). To analyse if URB597 and AEA
regulate HO-1 transcription in a CB receptor-dependent
manner, we assessed the URB597- and AEA-dependent nqo1-
ARE-Luc reporter activity and HO-1 mRNA expression using
chemical inhibitors for CB receptors. Following transfection
with nqo1-ARE-Luc reporter plasmid, cells were pretreated
with AM251 (CB1 receptor antagonist) or AM630 (CB2 recep-
tor antagonist) at 1 mM for 1 h. The cells were then treated by

URB597 (5 and 10 mM) or AEA (2.5 mM) for 16 h. AM251 and
AM630 could not block URB597 or AEA from activating
nqo1-ARE-Luc reporter in MCF-7 cells (Figure 3A,B). Further-
more, URB597- and AEA-induced HO-1 mRNA expression
was not inhibited by AM251 or AM630 in MCF-7 cells
(Figure 3C,D). Taken together, these data suggest that
URB597 and AEA act on HO-1 transcription in CB1 and CB2
receptor-independent manner.

Numbers of evidence support the finding that AEA acti-
vates the transient receptor potential vanilloid 1 (TRPV1)
receptor (Ross, 2003). Therefore, we used capsazepine, a
chemical inhibitor for TRPV1 receptor (Walpole et al., 1994),
to see if activation of TRPV1 receptor is involved in nqo1-
ARE-Luc reporter activation. Capsazepine treatment failed

Figure 3
URB597 and AEA induce HO-1 transcripts, independent of CB receptors. (A, B) AM251 or AM630 cannot block URB597 and AEA from activating
nqo1-ARE-Luc reporter in MCF-7 cells. MCF-7 cells co-transfected with 0.5 mg of nqo1-ARE-Luc reporter and 0.15 mg of pCMV-b-galactosidase
plasmids were pretreated with 1.0 mM of AM251 or AM630 for 1 h, followed by 5 and 10 mM of URB597 or 2.5 mM of AEA treatment for 16 h.
Luciferase activity assay and data analysis were performed as in Figure 1C. The data represent the mean � SD of at least three independent
experiments performed in triplicate. (C, D) AM251 and AM630 fail to block URB597 and AEA from inducing HO-1 mRNA expression. MCF-7 cells
were pretreated with vehicle (DMSO), 1 mM of AM251, AM630, or 5 mM of NAC for 1 h, followed by URB597 (5 mM) and AEA (2.5 mM) treatment
for 6 h. Semi-quantitative RT-PCR for HO-1 mRNA expression was performed as in Figure 1A. Furthermore, 5 mM of NAC blocks AEA from
inducing HO-1 transcripts. All figures are representative of three independent experiments. (E) Capsazepine cannot block AEA from activating
nqo1-ARE-Luc reporter. MCF-7 cells co-expressed with 0.5 mg of ARE reporter and 0.15 mg of pCMV-b-galactosidase were pretreated with 1.0 and
2.0 mM of capsazepine for 1 h, followed by 2.5 mM of AEA treatment for 16 h. Luciferase activity assay and data analysis were performed as in
Figure 1C. The data represent the mean � SD of at least three independent experiments performed in triplicate. Caps.: capsazepine *P < 0.05 as
compared with the control untreated cells; **P < 0.001 as compared with the control untreated cells.

BJPRole of FAAH and AEA in Nrf2 signalling

British Journal of Pharmacology (2013) 170 489–505 495



to block URB597 and AEA from activating nqo1-ARE-Luc
reporter in MCF-7 cells (Figure 3E), suggesting that TRPV1
receptor is not involved in AEA-mediated activation of HO-1
transcription.

URB597 and AEA induce Nrf2
nuclear translocation
Hepatocytes from Faah-/- knock-out mice displayed increased
AEA-induced ROS formation and were susceptible to AEA-
mediated death (Siegmund et al., 2006). Given that Nrf2 is a
key transcriptional factor that activates ARE promoter in ho-1
gene (Martin et al., 2004) and ROS activate Nrf2 as a tran-
scription factor in the nucleus (Kobayashi and Yamamoto,
2006), we therefore analysed whether URB597 and AEA acti-
vate the ROS-Nrf2 signalling pathway and lead to an increase
in HO-1 transcription. Cells transfected with nqo1-ARE-Luc
reporter plasmid were pretreated with NAC, a specific scav-
enger of ROS, following with URB597 and AEA treatment
respectively. NAC reduced the basal activity of nqo1-ARE-Luc
reporter in MCF-7 cells (Figure 4A,B), indicating that the

levels of ROS regulate ARE promoter activity. Of note, NAC
pretreatment blocked either URB597 or AEA from increasing
nqo1-ARE-Luc reporter activity in MCF-7 cells (Figure 4A,B).
URB597- and AEA-induced HO-1 mRNA expression was
also blocked upon NAC pretreatment in MCF-7 cells
(Figure 4C,D). Taken together, these data suggest that
URB597 and AEA induce HO-1 by activating the ROS signal-
ling pathway.

In response to ROS signalling, Nrf2 transcription factor
is released from Keap1 protein in the cytoplasm and trans-
locates into the nucleus where it activates antioxidant
transcription (Kobayashi and Tong, 2006). Therefore, we
studied whether URB597 and AEA induce Nrf2 nuclear trans-
location. In order to determine the levels of Nrf2 protein in
the nucleus, the nuclear extracts from URB597- and AEA-
treated cells were fractionated and subjected to SDS-PAGE
and immunoblotting. URB597 and AEA treatment induced
an increase in Nrf2 protein levels in the nucleus of MCF-7
cells and MDA-MB-231 cells (Figure 4E), suggesting that
URB597 and AEA induce the Nrf2 nuclear translocation. We
further assessed the role of Nrf2 in URB597- and AEA-

Figure 4
URB597 and AEA induce Nrf2 nuclear translocation. (A, B) NAC blocks URB597 and AEA from activating nqo1-ARE-Luc reporter. MCF-7 cells
co-transfected with 0.5 mg of nqo1-ARE-Luc reporter and 0.15 mg of pCMV-b-galactosidase were pretreated with 1.0 mM of NAC for 1 h, followed
by URB597 (5.0 and 10.0 mM) and AEA (2.5 and 5.0 mM) treatment for 16 h. Luciferase activity assay and data analysis were performed as in
Figure 1C. The data represent the mean � SD of at least three independent experiments performed in triplicate. (C, D) NAC inhibits URB597- and
AEA-induced HO-1 mRNA expression. MCF-7 cells were pretreated with 5 mM of NAC, followed by 5 mM of URB597 and 2. 5 mM of AEA treatment
for 6 h, as indicated. Semi-quantitative RT-PCR for HO-1 mRNA expression was performed as in Figure 1A. (E) URB597 and AEA induce the nuclear
translocation of Nrf2 protein in MCF-7 cells and MDA-MB-231 cells. MCF-7 and MDA-MB-231 cells were treated with URB597 (5 mM) and AEA
(2.5 mM) for 6 h, followed by the nuclear fractionation. Furthermore, 10 mg of the nuclear proteins were applied to detect the levels of Nrf2
protein. The same membrane was immunoblotted by anti-lamin B1 antibody to monitor equal loading of proteins. The levels of Nrf2 protein were
normalized to lamin B1 levels and the relative expression was represented graphically. All the figures are representative of three independent
experiments. *P < 0.05 as compared with the control untreated cells; **P < 0.001 as compared with control untreated cells.
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induced nqo1-ARE-Luc reporter activation and HO-1 tran-
scription using siRNA approach. siRNA-Nrf2 or control
siRNA (against GFP) and nqo1-ARE-Luc reporter plasmid
were introduced into MCF-7 cells and MDA-MB-231 cells.
In order to understand the responsiveness of nqo1-ARE-
Luc reporter in the absence of endogenous Nrf2, cells
were then treated with URB597 and AEA for 16 h. Reduction
of endogenous Nrf2 protein expression levels was observed
after siRNA-Nrf2 treatment in MCF-7 cells and MDA-MB-231
cells (Figure 5A). Reduction of Nrf2 protein levels resulted
in a significant decrease in the basal levels of nqo1-ARE-
Luc reporter activity in MCF-7 cells (Figure 5B), indicating
that Nrf2 regulates the basal levels of ARE promoter
activity. Furthermore, Nrf2 protein-depleted MCF-7 cells
(Figure 5B) failed to respond to URB597 and AEA treatment
to induce nqo1-ARE-Luc reporter activation, suggesting
that URB597 and AEA activate ARE sequence in an Nrf2-
dependent manner. Keap1 acts as an inhibitor to retain
Nrf2 protein in the cytoplasm under normal conditions
(Kobayashi and Yamamoto, 2005). We then examined the
effects of exogenously expressed Keap1 in inhibiting the
URB597- and AEA-dependent activation of nqo1-ARE-Luc
reporter. Overexpression of Keap1 reduced the basal activity
of nqo1-ARE-Luc reporter in MCF-7 cells (Figure 5C),
indicating that Keap1 negatively regulated nqo1-ARE-Luc
reporter. Upon Keap1 overexpression, URB597 and AEA
could no longer activate nqo1-ARE-Luc reporter in MCF-7
cells (Figure 5C). Furthermore, URB597 and AEA failed to
induce HO-1 mRNA expression after depletion of Nrf2
in MCF-7 cells (Figure 5D). Taken together, these data
support our notion that inhibition of FAAH by URB597 and
AEA act on Nrf2 transcription factor to induce antioxidant
transcription.

Depletion of FAAH increases HO-1 expression
FAAH is responsible for the degradation of endocannabinoid
AEA. To determine whether depletion of endogenous FAAH
protein exerts an AEA-like effect in inducing HO-1 mRNA
expression, we employed siRNA for FAAH. A concentration of
5 nM of siRNA-FAAH treatment reduced the levels of endog-
enous FAAH protein in MCF-7 cells and MDA-MB-231 cells
(Figure 6A), leading to an increase in nqo1-ARE-Luc reporter
activity in both cells (Figure 6B). Induction of HO-1 mRNA
and protein was observed after siRNA-FAAH treatment in
MCF-7 cells and MDA-MB-231 cells, compared with the
control siRNA-GL2 treatment (Figure 6C). Quantitative RT-
PCR assay also showed that siRNA-FAAH treatment increases
HO-1 mRNA levels by approximately twofold in MCF7 cells
(Supporting Information Figure S1C,D). This suggests that
depletion of FAAH induces HO-1 transcription. Furthermore,
siRNA-FAAH treatment increased the levels of Nrf2 protein
in the nucleus in MCF-7 cells and MDA-MB-231 cells
(Figure 6D), suggesting that depletion of FAAH induces Nrf2
nuclear translocalization. In addition, depletion of Nrf2 and
overexpression of Keap1 abolished siRNA-FAAH-induced
nqo1-ARE-Luc reporter activity in MCF-7 cells (Figure 6E, left
and right respectively). Thus, siRNA-FAAH treatment-induced
nqo1-ARE-Luc reporter activation is also Nrf2-dependent,
and depletion of FAAH activates Nrf2 and induces HO-1
transcription.

Depletion of HO-1 decreases cell numbers
To understand the significance of AEA signalling-inducible
HO-1 in breast cancer cells, we depleted HO-1 by employing
siRNA approach in MCF-7 cells and MDA-MB-231 cells. A
specific siRNA-HO-1 was applied to knock down endogenous
HO-1 protein (Figure 7A). Cells treated with siRNA-HO-1 were
cultured for 72 h and stained with crystal violet. Differences
in cell counts were obtained in comparison to siRNA-GL2
(control)-treated cells. There was a decrease in cell numbers
after HO-1 depletion in MCF-7 cells (approximately 15 %)
(Figure 7B), suggesting that HO-1 plays a pro-proliferative
role in breast cancer cell lines. Depletion of Nrf2 also
decreased cell numbers by approximately 25 and 20% in
MCF-7 and MDA-MB-231 cells, respectively (Figure 7C,D),
indicating that loss of cellular stress protective role of Nrf2
causes cell growth arrest. Taken together, depletion of HO-1
results in cell number decreases due to an accumulation of
cellular stress.

MCF-10A cells are immortalized normal breast epithelial
cells. To understand whether the AEA signalling induces
HO-1 in normal breast epithelial cells, we analysed the levels
of HO-1 mRNA and protein expression in the presence of
URB597, AEA and siRNA-FAAH in MCF-10A cells. URB597,
AEA and siRNA-FAAH treatment induced HO-1 mRNA and
protein expression, demonstrating that AEA signalling
induces HO-1 expression in normal breast epithelial cells.
Furthermore, siRNA-mediated depletion of HO-1 protein and
Nrf2 protein in MCF-10A cells reduced cell numbers by
approximately 30% and 35%, respectively, suggesting that
HO-1 expression is associated with cell proliferation in
normal breast epithelial cells.

Discussion

In this study, we demonstrated that inhibition of FAAH or
AEA treatment induced HO-1 transcripts and unveiled the
molecular mechanism in activating Nrf2 transcription factor
and inducing HO-1 mRNA expression in breast cancer cell
lines. AEA, URB597 and siRNA-mediated depletion of FAAH
induced HO-1 transcripts in MCF-7 and MDA-MB-231 breast
cancer cell lines. Inhibition of FAAH and AEA induced Nrf2
nuclear translocation and activated nqo1-ARE-Luc reporter.
As AEA, URB597 and siRNA-mediated depletion of FAAH
induced both constructs of NQO1 (Figure 1C) and HO-1 pro-
moters (data not shown) in a similar manner, we therefore
provided results with NQO-1 promoter activation only. The
induction of HO-1 by FAAH inhibition and AEA treatment
was independent of cannabinoid receptors, CB1, CB2 or
TRPV1 receptors. Depletion of endogenous HO-1 protein
resulted in a decrease in cell numbers in MCF-7 cells and
MDA-MB-231 cells, suggesting that HO-1 is required for cell
proliferation. The inhibition of FAAH and AEA treatment also
induced HO-1 transcripts in MCF-10A normal breast epithe-
lial cells and depletion of HO-1 protein decreased cell
numbers in MCF-10A cells. Our findings revealed a novel
function that inhibition of FAAH and increased AEA levels
induce antioxidant expression (see Figure 7 for schematic
presentation), independent of cannabinoid receptors. Fur-
thermore, these results strongly suggest that accumulation of
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AEA or other fatty amides of FAAH substrates can also activate
Nrf2 pathway independent of CB1, CB2 or TRPV1 receptors.

URB597 is a well-known inhibitor of FAAH, an enzyme
responsible for AEA degradation. Inhibition of FAAH enzyme
by URB597 or knockdown of FAAH has been demonstrated to
increase the levels of endogenous AEA ligand (Alpini and
Demorrow, 2009; Clapper et al., 2009). Our results showed
that URB597 and siRNA-FAAH, like AEA, activated nqo1-ARE-

Luc reporter and induced HO-1 transcripts and protein
expression. Inhibition of FAAH by another FAAH inhibitor
PF622 also showed an induction of HO-1 protein (Supporting
Information Figure S2), further suggesting that inhibition of
FAAH is responsible for HO-1 induction. FAAH is also respon-
sible for other fatty acid amides. We found that treatment of
OEA, another substrate of FAAH, also resulted in an increase
of HO-1 protein in MCF 7 cells (Supporting Information
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Figure S2), suggesting that other substrates of FAAH might be
involved in inducing HO-1 transcripts.

R(+)-Methanandamide, a metabolically stable congener of
AEA, has been shown to mimic AEA activity in many cellular
events. However, we found that R(+)-methanandamide does
not possess an activity in activating nqo1-ARE-Luc reporter.
AEA has been demonstrated to induce ROS formation, possi-
bly mediated by its binding to membrane and lipid peroxi-
dation (Siegmund et al., 2005). Therefore, it is possible that
the stereochemical properties of AEA from its structure, but
not R(+)-methanandamide, causes ROS formation, which
contributes to an induction of HO-1 transcripts.

AEA exerts various biological activities through cannabi-
noid receptors, CB1, CB2 and TRVP1 (Di Marzo et al.,
2001; McAllister and Glass, 2002), although other CB
receptor-independent biological activities have also been
reported (Siegmund et al., 2005; 2006; O’Sullivan, 2007). In
our study, we found that HO-1 transcriptional activation by
inhibition of FAAH or AEA ligand is independent of CB recep-
tors. The chemical inhibitors AM251 (CB1 antagonist),
AM630 (CB2 antagonist) and capsazepine (TRPV1 antagonist)
could not inhibit AEA, URB597 and siRNA-FAAH from acti-
vating nqo1-ARE-Luc reporter and inducing HO-1 transcripts.
Furthermore, when the inhibitors for CB1 and CB2 were
added directly to MDA-MB-231 and MCF-7 cells in the pres-
ence or absence of AEA, we observed induction of HO-1
mRNA that was independent of CB1 and CB2 receptors (data
not shown). As mentioned earlier, AEA can cause ROS forma-
tion in liver cells and lead to cell death (Siegmund et al.,
2005). It has been demonstrated that AEA binds to cell mem-
brane of primary hepatic stellate cells. Therefore, it has been
proposed that AEA, like its metabolite arachidonic acid,
increases ROS formation through membrane perturbation
followed by lipid peroxidation (Siegmund et al., 2005). ROS
signalling is known to transcriptionally up-regulate the ARE
sequence in antioxidants, such as HO-1 and NQO-1 (Martin
et al., 2004; Kobayashi and Yamamoto, 2005; Lee et al., 2005;
Kobayashi and Tong, 2006). We observed that NAC, a scav-
enger of ROS, blocked URB597 and AEA from activating
nqo1-ARE-Luc reporter and inducing HO-1 transcripts, sug-
gesting that ROS signalling is involved in AEA-induced HO-1
transcriptional activation. Nrf2 transcription factor plays a

key role in cellular defence against stress insults (Lee et al.,
2005). ROS can cause the Nrf2 nuclear translocation, where
it activates the ARE sequence in antioxidants (Kobayashi
and Tong, 2006). AEA, URB597 and siRNA-FAAH treatment
induced the nuclear translocation of Nrf2. However, deple-
tion of Nrf2 protein by both siRNA approaches and Nrf2
protein cytosolic retention by overexpressing Keap1 protein
inhibited the AEA, URB597 and siRNA-FAAH-induced nqo1-
ARE-Luc reporter activation or HO-1 transcriptional activa-
tion. Thus, these observations support the notion that
activation of ROS-Nrf2 signalling pathway is involved in inhi-
bition of FAAH and AEA-induced transcriptional activation of
HO-1. In human primary coronary artery endothelial cells,
AEA also induced ROS in CB1 receptor-dependent and
receptor-independent manners (Rajesh et al., 2010). There-
fore, it is possible that AEA and URB597 induce HO-1
transcriptional activation in cell-type-dependent manner.
Besides, 15d-PGJ2, a metabolite of AEA by COX2, has been
reported to up-regulate endoplasmic reticulum-stress associ-
ated genes, such as CHOP in breast cancer cells (Stuhlmeier,
2000). Thus, it is of great interests to understand whether AEA
metabolites induce cellular stresses to activate Nrf2-HO-1
pathway.

HO-1 is a 32 kDa inducible heat shock protein, which is
found at low levels in most mammalian tissues but is
highly induced by a variety of stress stimuli, including heat
shock (Stuhlmeier, 2000), UV irradiation (Doi et al., 1999),
hydrogen peroxide (Lautier et al., 1992), heavy metals
(Eyssen-Hernandez et al., 1996), hypoxia (Motterlini et al.,
2000) and cytokines (Rizzardini et al., 1998; Terry et al.,
1998). Recent findings indicate that HO-1 and its products
possess anti-inflammatory and anti-apoptotic functions
(Berberat et al., 2003; Liu et al., 2003; Pae et al., 2004). Moreo-
ver, new studies suggest that HO-1 influences cell growth and
proliferation (Durante, 2003). In addition to inhibiting
inflammation, HO-1 induction could also prevent or amelio-
rate the course of the disease (Otterbein et al., 2003).
However, elevated HO-1 expression and activity was found
in various tumours such as human renal cell carcinoma
(Goodman et al., 1997) and prostate tumours (Maines
and Abrahamsson, 1996). In human gliomas and mela-
nomas, HO-1 is linked to angiogenesis (Nishie et al., 1999;

Figure 5
Depletion of Nrf2 abolishes URB597- and AEA-induced nqo1-ARE-Luc reporter activity and HO-1 mRNA expression. (A) Depletion of Nrf2 protein
by siRNA approach in MCF-7 cells and MDA-MB-231 cells. MCF-7 cells and MDA-MB-231 cells were treated with 5 nM of si-GFP RNA (control)
and si-Nrf2 RNA as indicated. At 48 h, 15 mg of total cell lysates was subjected to immunoblotting in order to detect the levels of Nrf2 protein.
The same membrane was blotted with anti-actin antibody to monitor equal loading of proteins. The levels of Nrf2 protein were normalized to actin
levels and the relative expression was represented graphically. All the figures are representative of three independent experiments. (B) Depletion
of Nrf2 blocks URB597- and AEA-induced nqo1-ARE-Luc reporter activity. MCF-7 cells were treated with 5 nM of si-GFP RNA (control) and si-Nrf2
RNA as indicated. At 16 h, the cells were introduced with 0.5 mg of nqo1-ARE-Luc reporter and 0.15 mg of pCMV-b-galactosidase plasmids,
followed by URB597 (5.0 mM) and AEA (2.5 mM) treatment for 16 h. Luciferase activity assay and data analysis were performed as in Figure 1C.
The data represent the mean � SD of at least three independent experiments performed in triplicate. *P < 0.05 as compared with the cells treated
with siGFP; **P < 0.001 as compared with cells treated with si-GFP. (C) Keap1 blocks URB597- and AEA-induced nqo1-ARE-Luc reporter activity.
Furthermore, 0.5 mg of nqo1-ARE-Luc reporter and 0.15 mg of pCMV-b-galactosidase plasmid were introduced into MCF-7 cells with or without
Keap1, followed by 5.0 mM of URB597 treatment and 2.5 mM of AEA treatment. After 16 h, luciferase activity assay and data analysis were
performed as in Figure 1C. The data represent the mean � SD of at least three independent experiments performed in triplicate. *P < 0.05 as
compared with the untreated cells; **P < 0.001 as compared with untreated cells. D. MCF-7 cells were treated with 5 nM of si-GL2 RNA (control)
and si-Nrf2 RNA as indicated. At 48 h, cells were treated with 5 mM of URB597 or 2.5 mM of AEA for 6 h as indicated. Semi-quantitative RT-PCR
for HO-1 mRNA was performed as in Figure 1A. All figures are representative of three independent experiments.
�
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Torisu-Itakura et al., 2000; Sunamura et al., 2003). In an
experimental mouse model, HO-1 accelerates pancreatic
cancer growth by promoting tumour angiogenesis (Sunamura
et al., 2003). These findings suggest that HO-1 may also have
pro-angiogenic and growth-regulative properties in the
development and progression of cancers. Moreover, its
anti-inflammatory and anti-apoptotic activities imply that
HO-1 may enhance radioresistance and chemoresistance in
cancer cells. In this study, we found that depletion of HO-1 by
siRNA approaches decreases the cell numbers of MCF-7,
MDA-MB-231 breast cancer cells and MCF-10A immortalized
normal breast epithelial cells. Nrf2 plays an important role in
cell stress defence (Kaspar et al., 2009). We observed that
depletion of Nrf2 causes significant cell number decrease in
these cells. HO-1, like Nrf2, may play a cytoprotective role in
these cells. The present study examined the effects of Nrf2 on
breast cancer cells in vitro, demonstrating that accumulation

of AEA or other fatty acid amide of FAAH substrates can
activate Nrf2 pathway independent of receptors in these cells.
However, activation of Nrf2 pathway can be also induced by
AEA or other FAAH substrates present in the microenviron-
ment niche surrounding the tumour cells in vivo, such as
endothelial cells, tumour macrophages and tumour fibrob-
lasts. Therefore, the contribution of AEA and FAAH substrates
on Nrf2 pathway and its application to resistance chemo-
therapy should be examined in vivo. Regardless, the previous
studies, combined with our observations, imply that activa-
tion of AEA-HO-1 signalling may be beneficial for normal
cells in order to protect against insults but in favour of radi-
oresistance and chemoresistance in cancer treatment.

AEA inhibits human breast cancer cell proliferation (De
Petrocellis et al., 1998; Melck et al., 1999; Laezza et al., 2006),
adhesion and migration (Grimaldi et al., 2006), in CB1
receptor-dependent manner. Our findings suggest that induc-

Figure 6
Depletion of FAAH increases HO-1 mRNA and protein expression. (A) Depletion of endogenous FAAH protein after si-FAAH RNA treatment. MCF-7
cells (left) and MDA-MB-231 cells (right) were treated with 5 nM of si-GL2 RNA (control) and si-FAAH RNA. After 72 h, total cell lysates were
subjected to SDS-PAGE and immunoblotting to detect the levels of FAAH protein. The same membrane was blotted with anti-actin antibody to
monitor equal loading of proteins. The levels of FAAH protein were normalized to actin levels and the relative expression was represented
graphically. All the figures are representative of three independent experiments. (B) Depletion of FAAH activates nqo1-ARE-Luc reporter. MCF-7
cells and MDA-MB-231 cells were treated with 5 nM of si-GFP RNA (control) and si-FAAH RNA. After 16 h, cells were introduced with 0.5 mg of
nqo1-ARE-Luc reporter and 0.15 mg of pCMV-b-galactosidase plasmids. After 24 h, luciferase activity assay and data analysis were performed as
in Figure 1C. The data represent the mean � SD of at least three independent experiments performed in triplicate. (C) Depletion of FAAH induces
HO-1 mRNA and protein expression. MCF-7 cells (left) and MDA-MB-231 cells (right) were treated with 5 nM of si-GL2 RNA (control) and si-FAAH
RNA. After 48 h, semi-quantitative RT-PCR for HO-1 and b-actin mRNA (top two panels) was performed as in Figure 1A. In a parallel experiment,
total protein was subjected to SDS-PAGE and immunoblotting in order to detect the levels of HO-1 protein. The same membrane was blotted with
anti-actin antibody to monitor equal loading of proteins. (D) Depletion of FAAH induces Nrf2 nuclear translocation. MCF-7 cells (left) and
MDA-MB-231 cells (right) were treated with 5 nM of si-GL2 RNA (control) and si-FAAH RNA respectively. After 48 h, the nuclear proteins were
separated and 10 mg of protein extract was subjected to SDS-PAGE and immunoblotting in order to detect the levels of Nrf2 protein. The same
membrane was blotted with anti-lamin B1 antibody to monitor equal loading of nuclear proteins. All figures are representative of three
independent experiments. (E) Nrf2 is involved in si-FAAH treatment-activated nqo1-ARE-Luc reporter activity. On the left side, depletion of Nrf2
abolishes si-FAAH RNA treatment-activated nqo1-ARE-Luc reporter activity. MCF-7 cells were treated with 5 nM of si-GFP RNA, 2.5 nM of si-FAAH
RNA and 2.5 nM of si-Nrf2 RNA, in combination as indicated. After 16 h, cells were introduced with 0.5 mg of nqo1-ARE-Luc reporter and 0.15 mg
of pCMV-b-galactosidase plasmids. After 24 h, luciferase activity assay and data analysis were performed as Figure 1C. The data represent the
mean � SD of at least three independent experiments performed in triplicate. On the right side, overexpression of Keap1 blocks si-FAAH RNA
treatment-activated nqo1-ARE-Luc reporter activity. MCF-7 cells were co-expressed with 0.5 mg of nqo1-ARE-Luc reporter and 0.15 mg of
pCMV-b-galactosidase plasmids, with or without Keap1 plasmid. After 24 h, luciferase activity assay and data analysis were performed as in
Figure 1C. The data represent the mean � SD of at least three independent experiments performed in triplicate. (F) Depletion of HO-1 causes a
decrease in cell numbers in MCF-7 and MDA-MB-231 cells. (a) Knockdown of endogenous HO-1 by si-HO-1 RNA treatment. MCF-7 cells and
MDA-MB-231 cells were treated with 5 nM of si-GL2 RNA (control) and si-HO-1 RNA. After 72 h, total cell lysates were subjected to determine
the levels of HO-1 protein. The same membrane was blotted with anti-actin antibody to monitor equal loading of proteins. The levels of HO-1
protein were normalized to the actin levels and the relative expression was represented graphically. All figures are representative of three
independent experiments. (b) Depletion of HO-1 reduces cell numbers. MCF-7 cells treated with 5 nM of si-GL2 RNA (control) and si-HO-1 RNA
were stained with crystal violet at 72 h. The cells were extracted in 1% SDS solution and the absorbance was determined at 570 nm. Changes
in cell numbers were obtained upon comparison of the OD570 between si-GL2 RNA-treated cells and si-HO-1 RNA-treated cells. The data
represent the mean � SD of at least three independent experiments performed in triplicate. Depletion of Nrf2 decreases cell numbers in MCF-7
(c) and MDA-MB-231 (d) cells. MCF-7 cells and MDA-MB-231 cells treated with 5 nM of si-GL2 RNA (control) and si-Nrf2 RNA were stained with
crystal violet at 72 h. The cells number assay was performed as Figure 6F-b. The data represent the mean � SD of at least three independent
experiments performed in triplicate. (G) AEA signalling in MCF-10A immortalized breast epithelial cells. (a, b) URB597, AEA and si-FAAH RNA
increase the levels of HO-1 mRNA and protein in MCF-10A cells. In Figure 6G, MCF-10A cells were treated with 5 mM of URB597 and 2.5 mM of
AEA for 6 and 16 h for semi-quantitative RT-PCR of HO-1 mRNA and immunoblotting of HO-1 protein respectively. b-Actin primers were used as
a control for semi-quantitative RT-PCR and anti-actin antibody was applied to monitor equal loading for immunoblotting. MCF-10A cells treated
with 5 nM of si-FAAH RNA and si-GL2 RNA (control) for 3 days were subjected to semi-quantitative RT-PCR for HO-1 mRNA and immunoblotting
of HO-1 protein respectively. b-Actin primers were used as a control for semi-quantitative RT-PCR and anti-actin antibody was applied to monitor
equal loading for immunoblotting. The levels of HO-1 protein were normalized to actin levels and the relative expression was represented
graphically. All the figures are representative of three independent experiments. Depletion of HO-1 and Nrf2 decrease cell numbers in MCF-10A
cells. MCF-10A cells were treated with 5 nM of si-FAAH RNA (c), si-Nrf2 RNA (d) and si-GL2 RNA (control) as indicated. At 72 h, the cells were
stained with crystal violet as Figure 6F-b. The data represent the mean � SD of at least three independent experiments performed in triplicate.
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tion of HO-1 by AEA favours cell growth, which counteract
with CB1 receptor-dependent growth inhibitory activity of
AEA. We also observed a significant reduction of cell numbers
after siRNA-mediated knockdown of FAAH for 72 h (unpubl.
data). ROS can initiate cell growth promotion, cell cycle arrest
and apoptosis, depending on the extent of its accumulation
(Chatterjee et al., 2009). Therefore, besides CB1 receptor-
dependent growth inhibition by AEA, accumulation of ROS
after inhibition of FAAH may in part contribute to cell growth
inhibition. ROS also play an important role in the develop-
ment of cancer (Benhar et al., 2002; Sander et al., 2004). Accu-
mulating evidence has demonstrated that Nrf2 exerts dual
roles in toxicology and pharmacology (Pi et al., 2010). There-
fore, better understanding of the cellular events regulated by
inhibition of FAAH and increase of AEA should provide
insights into the role of the endocannabinoid system in pre-
vention and treatment of diseases.

In summary, we observed that inhibition of FAAH and
AEA induce HO-1 and NQO-1 antioxidants. This study
revealed a novel mechanism by which inhibition of FAAH or
AEA treatment activates ROS-Nrf2 signalling pathway and
induces HO-1 transcripts (Figure 7). Furthermore, under-
standing of the role of HO-1 induced by inhibition of FAAH

and AEA treatment in vivo is required to increase the thera-
peutic potential of the endocannabinoid system and improve
treatment in breast cancer.
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Figure S1 Demonstration of HO-1 mRNA induction by
semi-quantitative and real-time RT-PCR. (A) MCF7 cells were
treated with 5 mM of AEA and URB597 for 6 h respectively.
Total RNAs were used to perform Semi-quantitative RT-PCR
and real-time RT-PCR for HO-1 mRNA. b-Actin was used as
controls for both assays. (B) 1 ng of total RNAs was used to
perform real-time RT-PCR for HO-1 mRNA. The assay was
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analysed by ddCt method. Real-time RT-PCR for each RNA
sample was performed in triplicate. The fold increase in the
levels of HO-1 mRNA was obtained in comparison with
control. (C) MCF7 cells were treated with si-GL2 (control) and
si-FAAH for 48 h. Total RNAs were used to detect the levels of
HO-1 mRNA by Semi-quantitative RT-PCR and real-time
RT-PCR. b-actin was used as controls for both assays. (D) The
real-time RT-PCR for HO-1 mRNA was performed as Fig. S1B.
*P < 0.05 as compared to control.

Figure S2 OEA and PF622 induce HO-1 protein in MCF7
cells. MCF7 cells were treated with 5 mM of OEA and PF622
for 24 h respectively. Total cell lysates were applied to detect
the levels of HO-1 protein by Western blotting with anti-
HO-1 antibody. The same membrane was reprobed with anti-
actin antibody to monitor equal loading. The levels of HO-1
protein were normalized to actin levels and the relative
expression was represented graphically. *P < 0.05 as com-
pared to control.
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