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Abstract
Previous studies have suggested that increased levels of endocannabinoids in various
cardiovascular disorders (e.g. different forms of shock, cardiomyopathies, atherosclerosis) through
the activation of CB1 cannabinoid receptors may promote cardiovascular dysfunction and tissue
injury. We have investigated the role of the main endocannabinoid anandamide metabolizing
enzyme (fatty acid amide hydrolase; FAAH) in the myocardial injury induced by an important
chemotherapeutic drug doxorubicin (DOX; known for its cardiotoxicity mediated by increased
reactive oxygen and nitrogen species generation) using well-established acute and chronic
cardiomyopathy models in mice. The DOX-induced myocardial oxidative/nitrative stress
(increased 4-hydroxynonenal(HNE), protein carbonyl, nitrotyrosine levels, decreased glutathione
content) correlated with multiple cell death markers, which were enhanced in FAAH knockout
mice exhibiting significantly increased DOX-induced mortality and cardiac dysfunction compared
to their wild types. The effects of DOX in FAAH knockouts were attenuated by CB1 receptor
antagonists. Furthermore, anandamide induced enhanced cell death in human cardiomyocytes
pretreated by FAAH inhibitor, and enhanced sensitivity to ROS generation in inflammatory cells
of FAAH knockouts. These results suggest that in pathological conditions associated with acute
oxidative/nitrative stress FAAH plays a key role in controlling the tissue injury, which is, at least
in part, mediated by the activation of CB1 receptors by endocannabinoids.
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Introduction
Endocannabinoids are part of a novel bioactive lipid signaling system both in the central
nervous system as well as in various peripheral organs [1,2]. Increasing recent evidence
implicates dysregulation of the endocannabinoid system in the pathogenesis of various
cardiovascular diseases, ranging from myocardial infarction, shock, and cardiomyopathy/
heart failure to cardiovascular complications of liver cirrhosis and atherosclerosis [3]. These
preclinical reports demonstrated increased plasma, circulating inflammatory cell, and/or
myocardial endocannabinoid levels in these pathologies, and implicated activation of
cannabinoid-1 (CB1) receptor by endocannabinoids in the pathogenesis of cardiovascular
dysfunction and/or disease progression [4,5]. In these studies, CB1 antagonists improved the
hemodynamic alterations [2,5]. Furthermore, CB1 receptor activation by endocannabinoid
anandamide or synthetic ligands in primary human endothelial cells [6], cardiomyocytes [7]
and macrophages [8] promotes increased reactive oxygen species (ROS) generation and cell
death, thereby contributing to tissue injury. In models of atherosclerosis pharmacological
inhibition or genetic deletion of CB1 attenuates the vascular inflammation and interrelated
disease progression, and also decreases smooth muscle proliferation [9–11].

In contrast, activation of CB2 receptors by endocannabinoids or synthetic ligands on
inflammatory cells may limit the inflammatory response and ROS generation by reducing
migration and/or activation of these cells in various models [3,12–14]. Dysregulation of the
endocannabinoid system (e.g. tonic activation of CB1 receptors by endocannabinoids) has
also been implicated in the development of various cardiovascular risk factors in obesity/
metabolic syndrome and diabetes (e.g. plasma lipid alterations, hepatic steatosis, abdominal
obesity, inflammation, etc.) in humans [4,15,16].

Fatty acid amide hydrolase (FAAH), the enzyme responsible for the degradation of the main
endocannabinoid anandamide and related fatty acid amides in vivo [17], has emerged as a
target for modulating endocannabinoid signaling [18], with a therapeutic potential in
anxiety, pain, and various inflammatory disorders [19,20]. However, genetic deletion or
pharmacological inhibition of FAAH may also promote ROS generation and liver injury
under pathological condition [21].

In this study using genetic deletion of FAAH, we aimed to explore the role of this key
endocannabinoid metabolizing enzyme, in the development of myocardial injury induced by
an important chemotherapeutic drug doxorubicin (DOX) known for its cardiotoxicity
mediated by increased reactive and nitrogen species generation [22–25] utilizing well-
established acute and chronic cardiomyopathy models in mice [7,24,26–30], in which
increased myocardial endocannabinoid levels and CB1 receptors were implicated in the
development of cardiac dysfunction [7,28].

Materials and methods
Animals/drugs

Protocols involving the use of animals were approved by the Institutional Animal Care and
Use Committees and were performed in line with the National Institutes of Health (NIH)
guidelines for the care and use of laboratory animals. FAAH knockout (FAAH−/−) mice
were backcrossed into the C57BL/6J background as previously described [19,31]. The
FAAH−/− or wild type (FAAH+/+) mice were generated from double-heterozygous
breeding pairs and were genotyped (Transnetyx, Cordova, TN) at 4–5weeks. 7–11 weeks old
male FAAH+/+ and FAAH−/− mice were acutely administered with single high dose (20
mg/kg) of DOX-HCl (termed aDOX; Sigma Chemicals, St. Louis, Missouri)
intraperitoneally (I.P.). Treatment with the CB1 antagonists AM281 (Tocris, MI) or
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SR141716 (SR1, rimonabant; NIDA Drug Supply Program, SC) 10 mg/kg intraperitoneally
(i.p.), started 1.5 h before the DOX injection and continued every 24 hours. After 3 (FAAH
+/+ and FAAH−/− mice) or 5 (C57BL/6J mice) days animals were subjected either to
hemodynamic measurements or sacrificed, hearts were excised and snap frozen in liquid
nitrogen for biochemical measurements as previously described [25,28]. For the chronic
model (termed cDOX), male 8–12 weeks old FAAH+/+ or FAAH−/− mice were
administered with multiple lower doses of DOX (5 mg/kg/dose) i.p. at days 1, 8, 14, and 22.
After 30 days, mice were sacrificed and hearts were excised and snap frozen in liquid
nitrogen for biochemical measurements as described [7].

Haemodynamic measurements in mice
Left-ventricular performance was analyzed in mice anesthetized with 2% isoflurane using
Millar pressure–volume conductance system (Millar Instruments, TX) as described [28,32].

Myocardial 4-hydroxynonenal protein adduct content
Lipid peroxides are unstable indicators of oxidative stress in cells that decompose to form
more complex and reactive compounds such as 4-hydroxynonenal (HNE), which has been
shown to be capable of binding to proteins and forming stable adducts. There is also
emerging recent evidence implicating HNE in various key signaling processes [33–35].
HNE in the myocardial tissues was determined using a kit (Cell Biolabs, CA). In brief, BSA
or myocardial tissue extracts (10 μg/mL) are adsorbed onto a 96-well plate for 12 hrs at 4°C.
HNE adducts present in the sample or standard are probed with anti-HNE antibody,
followed by an HRP conjugated secondary antibody. The HNE-protein adducts content in an
unknown sample is determined by comparing with a standard curve and expressed as
relative fold change to vehicle.

Myocardial carbonyl content
Protein oxidation is the covalent modification of a protein induced either directly by reactive
oxygen and nitrogen species or indirectly by their reaction with secondary by-products. The
most common products of protein oxidation in biological samples are the protein carbonyl
derivatives of proline, arginine, lysine, and threonine. These derivatives are chemically
stable, have been shown to increase in a variety of diseases and pathological processes, and
serve as markers of oxidative stress [36]. Carbonyl content in myocardial tissues was
determined by OxiSelect Protein Carbonyl ELISA Kit (Cell Biolabs, CA). In brief, BSA
standards or protein samples (10 μg/mL) are adsorbed onto a 96-well plate for 2 hrs at 37°C.
The protein carbonyls present in the sample or standard are derivatized to DNP hydrazone
and probed with an anti-DNP antibody, followed by an HRP conjugated secondary antibody.
The protein carbonyl content in unknown sample is determined by comparing with a
standard curve that is prepared from predetermined reduced and oxidized BSA standards
and expressed as relative fold change to vehicle.

Myocardial nitrotyrosine (NT) determination
Nitrotyrosine formation was initially considered as a specific marker of in vivo peroxynitrite
generation, but now it is rather used as a collective index of protein nitration, because other
pathways have also been proposed to be involved in its formation (e.g., myeloperoxidase in
certain inflammatory conditions [37–40]). Myocardial nitrotyrosine content was determined
by nitrotyrosine ELISA according to the protocol supplied with the kit (Hycult
Biotechnology, Cell Sciences, Canton, MA) as described [25].
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Immunoprecipitation for nitrotyrosine detection
Equal amounts of 200 μg tissue homogenate from each sample were incubated with 20 μg of
NT affinity sorbent (NT antibody cross-linked to a protein A-agarose matrix; Cayman
Chemicals, MI) overnight at 4°C in a rotating wheel. The NT affinity sorbent is designed for
immune-precipitation of nitrated proteins from biological samples. Immuno-precipitates
were washed 3 times with PBS containing 0.1% Triton X-100. Pellets were suspended in 1x
Laemmli buffer with DTT. SDS-PAGE analysis were performed as described earlier
followed by silver staining of protein gels [25].

Western blot analysis
Protein was extracted from myocardial tissue homogenates using tissue protein extraction
reagent (TPER), containing protease inhibitor cocktail set III and phosphatase inhibitor
cocktail set I (Calbiochem, EMD Biosciences, CA). Protein content was determined using
BioRad DC protein assay kit. 50 μg of protein was resolved on 4–12% gradient Bis-Tris
Criterion gels (BioRad) and were transferred onto nitrocellulose membrane (GE-
Biosciences, NY). After blocking, the blots were probed with the primary antibodies
(1:1000) 4°C overnight. After washing, the blots were incubated with HRP conjugated
secondary antibody for 1hr at room temperature. After final washing, blots were incubated
with Super-Signal West Pico chemiluminescense substrate reagent (Pierce Biotechnology,
Inc. Rockford, IL) and developed using Kodak Biomax film (PerkinElmer, Wellesley, MA).
To verify equal loading the blots were stripped and probed with β-actin antibody. Developed
blots were scanned and the band intensities were determined using Quantity One image
analysis program (BioRad, CA), normalized to β-actin and expressed as relative fold change
compared to the vehicle or control.

Antibodies were purchased as follows: Cytochrome C(Cyto-C), COX-IV (Cell Signalling
Technologies, MA) and β-actin (Chemicon, CA).

Determination of myocardial glutathione (GSH) content
Myocardial GSH content was determined using kits from Trevigen (Gaithersburg, MD)
according to manufacturer’s protocols, as previously reported [25].

Determination of myocardial Caspase 3/7 and poly(ADP-ribose) polymerase (PARP)
activities

Caspase 3/7 activity in the heart homogenates was determined using the fluorimetric based
Apo-ONE homogenous assay kit (Promega, Madison, WI) as described [25]. Myocardial
PARP activity was assayed using a colorimetric kit according to manufacturer’s protocol
(Trevigen, Gaithersburg, MD) as described [25].

Myocardial TUNEL Immuno-histochemistry
Paraffin sections were dewaxed and in situ detection of apoptosis in the myocardial tissues
was performed by terminal deoxynucleotodyltransferase mediated nick-end labeling
(TUNEL) assay as per the instruction provided with the kit (Roche Diagnostics,
Indianapolis). Nucleus was labeled with Hoechst 33242 and the TUNEL positive cells were
observed using IX81 Fluorescence microscope (Olympus; using 40X objective).

Myocardial Quantitative TUNEL assay
Quantitative TUNEL assay was determined using DELFIA DNA fragmentation assay kit
[Perkin Elmer Life Sciences, Boston, MA] and was performed in 96 well microplate [Pall
Life Sciences, Ann Arbor, MI, USA] as described previously [28]. In brief, equal amount of
myocardial total lysates was adsorbed on to the plates, following fixation, then 50μL of
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reaction solution [0.01% CHAPS buffer, 5.5 units TdT enzyme, 15μM dTTP, 5μM Bio-
dUTP and TdT buffer] and incubated at 37°C for 30 min. Then wells were washed with
DELFIA plate wash solution. Then Europium labeled streptavidin was diluted in DELFIA
assay buffer and incubated for 1hr at room temperature, after washing, 200 μL/well
enhancement solution was added and the fluorescence was measured in VICTOR plate
reader (Perkin Elmer Life Sciences, Boston, MA).

Myocardial DNA fragmentation ELISA
The quantitative determinations of cytoplasmic histone-associated-DNA-fragmentation
(mono and oligonucleosomes) due to in vivo cell death were measured using ELISA kit
(Roche Diagnostics GmbH, Indianapolis)

Measurement of myeloperoxidase activity
Activity of myeloperoxidase (a marker of neutrophil infiltration) was measured using
homogenous fluorometric detection kit (Assay Designs, Plymouth Meeting, PA) in
myocardial tissue extracts according to manufacturer’s protocol.

Determination of myocardial ROS by electron paramagnetic resonance spectrometer
(EPR)

Myocardial ROS levels were determined by EPR using the spin probe 1-hydroxy-3-
methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine (CMH) obtained from Enzo Life Sciences
(Plymouth Meeting, PA, USA) as described earlier [41,42]. The measurements were
performed using Varian X- band EPR system (Walnut Creek, CA, USA) with the following
settings: center field 3364 G; field sweep 80 G; microwave power 20 mW; modulation
amplitude 2 G; field modulation frequency 100 kHz; microwave frequency 9.358 GHz and
time constant 64 ms. In brief, 10–15 mg of myocardial tissue from each sample was rinsed
thoroughly in 20 mM KHB buffer containing iron chelator 5μM DETC, to remove the
contamination and to reduce the artifact. Then the samples were minced with fine scissors
and incubated in KHB buffer containing the spin probe CMH (200 μM) at 37°C for 30 min,
and then the reaction was arrested by placing the samples in ice. Subsequently an aliquot
(150 μL) from the samples were loaded on to capillary tubes and ROS levels were
determined using EPR system as described above. As CMH can react with superoxide,
hydroxyl radical and other reactive oxygen species and used as universal ROS detection
trap. In a subset of experiments tissue samples were pre-incubated with superoxide
dismutase (Sigma Chemicals, St. Louis, Missouri) at concentration of 400U/tube before
CMH addition to dissect the contribution of superoxide.

Primary cell culture and flow cytometric cell death assay
Primary human cardiomyocytes were purchased from ScienCell Research Laboratories
(Carlsbad, CA) were grown according to manufacturer’s recommended media and growth
supplements. Cell death were measured using Sytox Green (FL1) and Anenxin V-APC
(FL4) in FACScalibur flow cytometer (BD Bioscience, Franklin Lakes, NJ) as described
previously [7,32].

Flow cytometric determination of respiratory burst
For detection of superoxide production we used Dihydrorhodamine 123 (DHR, Invitrogen,
Carlsbad, CA) 30 mM stock in DMSO (Sigma Chemicals, St Louis, MO) at a final
concentration of 100 μM with a modified method of Rothe et al. [43]. Briefly, FAAH+/+
and FAAH−/− mice were deeply anesthetized with isoflurane, and blood was collected after
decapitation. We used whole blood for our assay as it has been showed that cell isolation
procedures may themselves cause priming and/or activation of neutrophil leukocytes and
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may affect cell function [44]. We diluted the obtained blood 1:1 with Hank’s balanced salt
solution (HBSS, Mediatech Inc, Herndon, VA) and incubated 5 min at 37°C. Then cells
were then incubated with DHR and catalase (1000 U/ml, Sigma Chemicals, St Louis, MO)
in the dark at 37°C for 20 minutes. Thereafter, we placed the samples on ice and lyzed the
erythrocytes with ACK lyzing buffer (Quality Biological, Gaithersburg, MD), and the
remaining leukocytes were washed 3 times with HBSS. Cells loaded with DHR were treated
with anandamide (AEA) and phorbol ester (PMA) as indicated concentration for 30 mins
and DHR intensity were measured by flow cytometry (FACS Calibur, BD Bioscience) in
FL1 channel [45]. Polymorphonuclear neutrophils were gated on the basis of their forward
scatter (FSC) and side scatter (SSC) properties. Kinetics of the same experiments were also
carried out in parallel experiment in plate based assay using Fluorescence plate reader
(Victor, Perkin Elmer, Boston, MA).

Statistical analysis
Results are expressed as mean±SEM. Statistical significance among groups was determined
by one-way ANOVA followed by Newman-Keuls post hoc analysis using GraphPad Prism
5 software (San Diego, CA). Correlation analyses were carried out as pairwise using the
same program. Kaplan-Meier survival analysis and curve fitting was also performed using
GraphPad Prism 5 software (San Diego, CA). Probability values of P<0.05 were considered
significant.

Results
Acute or chronic DOX-treatment is associated with similar changes in body weights in
FAAH+/+ or FAAH−/− mice. There is no difference in the initial body weights of these 7–12
weeks old male mice kept on regular diet

Since increased endocannabinoid levels may promote increased food intake, in some mice
body weights were also measured before the DOX administration and at various time points
following DOX administration. The body weight of FAAH+/+ and FAAH−/− mice before
the acute DOX administration and at a time of the sacrifice 3 days later were 20.7±0.3,
19.5±0.6, 17.2±0.3; 16.9±0.6 (n=10/group), respectively. The body weight of FAAH+/+ and
FAAH−/− mice before the chronic DOX administration and at a time of the sacrifice 30
days later were 23.8±0.6, 23.4±1.0, 21.0±0.5; 21.7±1.0 (n=11–12/group), respectively.

Cannabinoid CB1 receptor inhibition attenuates acute DOX-induced increased myocardial
oxidative/nitrative stress and impaired antioxidant defense

Administration of a single dose of DOX (20 mg/kg i.p.) was associated with 5.5-fold
increase in marker of oxidative stress HNE (Figure 1A) and 4.9-fold increase in marker of
nitrative stress nitrotyrosine (Figure 1B–C), associated with a 44% percent decrease in total
glutathione content (Figure 1D) in the myocardium of mice 5 days following acute DOX
administration. These changes were significantly attenuated by treatment of mice with CB1
antagonists AM281 (by 24%, 30% and 36% respectively) and SR141716 (rimonabant, by
33%, 50% and 54%, respectively).

Cannabinoid CB1 receptor inhibition attenuates acute DOX-induced increased myocardial
cytochrome C release and cell death

As shown in Figure 2A and quantified in Figure 2B, representative immunoblots reveal 8.4-
fold enhanced cytochrome C release into the cytosol in the myocardial tissues of DOX-
treated mice (indicative of the activation of mitochondrial apoptotic cell death pathway) and
its attenuation with CB1 receptor antagonists AM281 and SR141716 (55 and 60 %
attenuation). The cytosolic Cyto-C is normalized to β-actin, while mitochondrial to COX-
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IV. Figure 2 panels C and D demonstrate a 4-fold increase in myocardial caspase 3/7-
(marker of apoptotic cell death) and a 5.8-fold increase in poly(ADP-ribose)polymerase
(PARP)-dependent cell death (mostly necrotic cell death) after doxorubicin administration,
which were attenuated by CB1 antagonists AM281 (−38.75 % and −45%) and SR141716
(−50 % and −43%).

Genetic deletion of FAAH is associated with enhanced acute DOX-induced myocardial cell
death and decreased survival

As shown in Figure 3A FAAH−/− mice treated with DOX had markedly reduced survival,
compared to their wild type (FAAH+/+) littermates. Due to significantly reduced survival
rate in DOX-treated FAAH−/− mice at 5 days (Figure 3A) experiments shown in Figures 3–
11 were carried out 3 days following the DOX treatment (at this time point the survival rate
in FAAH+/+ mice treated with DOX was 100% and only less than 20% of the FAAH−/−
mice treated with the drug were lost). Figure 3B–E shows markedly increased myocardial
cell death (both apoptotic and PARP-dependent) in FAAH−/− mice treated with DOX
compared to their wild type (FAAH+/+) littermates.

Genetic deletion of FAAH is associated with enhanced time-dependent acute DOX-induced
myocardial oxidative and nitrative stress

As shown in Figure 4A–D FAAH−/− mice treated with DOX had markedly increased
oxidative (HNE, carbonyl) and nitrative (nitrotyrosine) stress in the myocardium compared
to their wild type (FAAH+/+) littermates and attenuated antioxidant defense (decreased total
glutathione content). To better understand the mechanisms of doxorubicin-induced
cardiomyopathy in FAAH+/+ and FAAH−/− mice we further analyzed the time-dependence
of the above mentioned markers of oxidative and nitrative stress and cell death 2, 6, 12, 24,
24, 48, and 72 hours following the DOX administration (Figure 5). We found significant
increases in markers of cell death from 12 or 24 hours following the DOX administration in
FAAH−/− and FAAH+/+ mice, which were markedly enhanced in knockouts (Figure 5A–
B). Similar time-dependent increases (larger in FAAH−/− mice) were seen with HNE
(Figure 5C; marker of oxidative stress) from 6 hours following the DOX administration, and
with nitrotyrosine (Figure 5D, marker of peroxynitrite generation and nitrative stress) from
12 and 48 hours following DOX administration in FAAH−/− and FAAH+/+ mice,
respectively. The increase in myocardial oxidative and nitrative stress paralleled with
decreased myocardial reduced and total glutathione content (Figure 5E–F). Interestingly,
there was only a modest increase (~30%) in the myocardial myeloperoxidase (MPO) activity
(indicator of neutrophil infiltration) at 72 hours following DOX administration in FAAH+/+
mice, while significant increases could be detected in the myocardium of FAAH−/− mice
from 6 hours following DOX exposure, reaching 167% increase at 72 hours compared to
FAAH+/+ mice. Collectively, these results suggest that the DOX-induced oxidative stress
precedes the nitrative stress and cell death and leads to the depletion of the cellular reduced
glutathione content. Furthermore, the increased neutrophil infiltration in myocardial tissues
of FAAH−/− mice treated with DOX compared to their FAAH+/+ littermates may explain,
at least in part, the increased oxidative and nitrative stress coupled with greater impairment
of the antioxidant defense and increased cell death in knockouts.

The markers of acute DOX-induced myocardial oxidative and nitrative stress correlate with
cell death and decrease of reduced glutathione content

To further explore the mechanism of the DOX-induced myocardial cell death in FAAH+/+
and FAAH−/− mice we correlated changes in myocardial cell death and oxidative stress
markers on a per animal basis in both strains, and studied the differences between different
genotypes. As shown in Figure 6A–D, we observed a positive correlation between oxidative
and nitrative stress markers (HNE and nitrotyrosine) and the apoptotic cell death marker
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caspase 3–7 activity, and a negative correlation of HNE and nitrotyrosine with reduced
glutathione content. These correlations were stronger in FAAH−/− mice.

The enhanced acute DOX-induced myocardial ROS generation in FAAH−/− mice is
attenuated by CB1 antagonists

As shown in Figures 7 and 8A–D, the markedly increased DOX-induced myocardial ROS/
RNS generation in FAAH−/− mice, was attenuated by ~40–50% with CB1 antagonists
SR141716 and AM281. The EPR probe CMH directly reacts with superoxide, hydrogen
peroxide, and hydroxyl radical (•OH) or hydroxyl radical derived secondary radicals,
forming the nitroxide radical, which is detectable by EPR. Therefore the representative EPR
traces shown on the figure 7 only depict general ROS in the myocardium. Though one
molecule of superoxide oxidizes one molecule of CMH to corresponding nitroxide radical
form, this is redox cycle reaction and bio-reduction by reducing agents and reductases
existing in the system to the hydroxylamine form is not negligible, therefore this EPR
experiment provides only semi-quantitative aspect of ROS production in the system. Also,
we couldn’t distinguish if the origin of ROS is mitochondria in this experimental design.
Addition of SOD to the samples in this experimental design resulted in ~40–50% reduction
in ROS production in all experimental groups (data not shown), indicating that superoxide is
most likely one of the form of the ROS formed in the myocardium of DOX treated mice.
Upper panel in figure 7 shows representative EPR traces and the quantification is shown
below.

The enhanced acute DOX-induced myocardial cell death in FAAH−/− mice is attenuated
by CB1 antagonists

As shown in Figures 9A–D and 10A–B, the markedly increased DOX-induced myocardial
cell death (both apoptotic and necrotic) in FAAH−/− mice, was attenuated by CB1
antagonists SR141716 and AM281. In Figure 10A the upper row of images (green) shows
representative TUNEL staining, the middle row (dark blue) is the nuclear staining, while the
bottom one is the colocalization of both (light blue/white nuclei represents TUNEL positive
cells).

FAAH−/− mice develop more severe acute DOX-induced cardiac dysfunction
Markers of left ventricular contractile function (maximum first derivative of ventricular
pressure with respect to time (+dP/dt), maximal left ventricular pressure (LVP), ejection
fraction, stroke work and cardiac output) were decreased 3 days following DOX exposure in
FAAH+/+ and FAAH−/− mice. The DOX-induced myocardial dysfunction was
significantly more pronounced in FAAH−/− mice compared to their wild type littermates
(Figure 11A–B) and was improved by CB1 antagonists SR141716 or AM281 treatment
(Figure 11A–B).

Genetic deletion of FAAH is associated with enhanced chronic DOX-induced myocardial
oxidative-nitrative stress and cell death

We also wanted to confirm our findings in a chronic model of DOX-induced
cardiomyopathy described previously [7]. In this chronic model all mice survived in the
wild-type group, while the survival rate was 92 percent in the FAAH−/− group at 30 days
following 4 multiple doses (5 mg/kg each) of DOX as described in the methods. We found a
~3–4 fold increases in cell death and oxidative-nitrative stress markers after 30 days of DOX
treatment, which was further enhanced by ~50–70% in FAAH−/− mice, thus validating our
findings in the acute model (Figure 12).
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Myocardial oxidative and nitrative stress markers show direct positive correlation with cell
death markers and negative correlation with reduced glutathione content after chronic
administration of a sublethal dose doxorubicin

The oxidative-nitrative stress markers showed similar correlation in the chronic treatment
group to what we observed after the acute doxorubicin treatment (Figure 13A–F). We
observed positive correlation between oxidative (HNE) and nitrative (nitrotyrosine) stress
markers and the apoptotic cell death markers (caspase 3–7 activity and DNA fragmentation),
and a negative correlation with reduced glutathione content (Figure 13A–F), and these
correlation were stronger in FAAH−/− mice (Figure 13A–F).

Anandamide causes enhanced cell death in cardiomyocytes and increased ROS
production in neutrophils, which are enhanced by FAAH inhibition or genetic deletion

To explain our in vivo findings we carried out in vitro experiments. The endocannabinoid
anandamide (AEA) caused concentration-dependent cell death in human primary
cardiomyocytes, which was further enhanced in the presence of FAAH inhibitor URB527
(Figure 14A).

There was no significant difference in the baseline ROS levels in neutrophils of FAAH+/+
and FAAH−/− mice. However, AEA triggered concentration-dependent respiratory burst
(ROS generation) in neutrophil granulocytes isolated from FAAH+/+ mice (comparable to
the positive control phorbol ester (PMA)); the sensitivity to AEA was enhanced in FAAH−/
− mice (Figure 14B). However, the response to PMA on neutrophil oxidative burst was not
different in FAAH+/+ and FAAH−/− mice indicating that the maximal inducible ROS
generation is similar in both strains (only the sensitivity to AEA-induced ROS generation
was different). Taken together, the above mentioned results suggest that the increase in AEA
level in neutrophils associated with genetic deletion of FAAH−/− is not sufficient to activate
the increased ROS generation in these cells by itself (probably in these cells alternative
metabolic pathways keep AEA levels below the threshold sufficient for the activation).
However, the higher level of AEA required to cross the threshold of triggering ROS
generation in neutrophils, may be achieved in pathological situations in which the
endocannabinoid synthetic pathways are activated concurrently with inhibition of metabolic
degradation by excessive oxidative/nitrative stress and/or inflammation, or alternatively
when large amount of AEA is released from damaged or dying cells (the latter is also a quite
likely possibility in light of the previously reported postmortem generation of anandamide
and other long-chain N-acylethanolamines in mammalian brain). Furthermore, in injured
tissues where cells are already damaged/stressed by inflammatory stimuli or reactive
oxygen/nitrogen species, lower levels of AEA may be required to trigger or amplify the
pathological process of ROS generation.

Discussion
In this study, we have investigated the role of the key endocannabinoid metabolizing
enzyme FAAH and the endocannabinoid signaling mediated through cannabinoid 1 (CB1)
receptors, in the development of acute myocardial injury induced by a very important
chemotherapeutic agent doxorubicin (DOX), known for its cardiotoxicity mediated by
increased reactive and nitrogen species generation [22–25,29,30], utilizing well-established
acute and chronic cardiomyopathy models in mice [7,24–28], in which increased myocardial
endocannabinoid levels and CB1 receptors were implicated in the development of cardiac
dysfunction [28] and cell death [7]. We have also explored the interplay of oxidative/
nitrative stress and cell death pathways with CB1 receptors in the acute model of
cardiomyopathy by using pharmacological antagonists of the cannabinoid CB1 receptor
(SR141716 (rimonabant) and AM281).
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First we show that pharmacological inhibition of CB1 receptors with AM281 or SR141716
attenuates DOX-induced increased oxidative/nitrative stress and interrelated cell death.
These findings, coupled with recent studies in CB1 knockout mice [7] suggest that CB1
cannabinoid receptor activation by endocannabinoids may promote DOX induced
myocardial injury by amplifying cell death pathways and the associated oxidative/nitrative
stress. Consistently, CB1 activation also promotes oxidative/nitrative stress in an
experimental model of nephropathy induced by another important chemotherapeutic drug
cisplatin [46].

FAAH is a key controller of tissue anandamide levels, because of the very rapid metabolism,
which is also reflected by the fact that high doses of endocannabinoids exert only very brief
hemodynamic effects (for a couple of minutes) in normal mice [47], but these are
considerably more prolonged in FAAH knockouts [31]. Despite approximately 2.5 fold
increase in the myocardial anandamide levels FAAH knockout mice have normal
hemodynamic profile [31], consistent with the limited physiological role of the
endocannabinoid system in normal cardiovascular regulation [2]. However, under various
pathological conditions, as already mentioned in the introduction section, this system
through the activation of CB1 receptors by the endocannabinoid anandamide promotes
cardiovascular or other types of tissue injury and may also contributes to the development of
increased cardiovascular risk factors in humans [3]. In fact, FAAH appears to be a key
determinant of anandamide-induced cell death and ROS generation in hepatocytes, and
FAAH knockout mice following bile duct ligation exhibit markedly increased hepatocellular
injury [21].

Our results also demonstrate markedly increased DOX-induced myocardial oxidative-
nitrative stress and tissue injury in FAAH−/− mice compared to their wild type littermates,
which coupled with the decreased survival as a consequence of the DOX-induced acute
cardiac dysfunction/failure, strongly suggests that in pathological conditions associated with
acute oxidative/nitrative stress FAAH plays a key role in controlling the anandamide-
induced myocardial cell death/injury, which is, at least in part, mediated by the activation of
CB1 receptors by endocannabinoids, since these effects could be attenuated by selective CB1
antagonists. Therefore, CB1 inhibition may exert beneficial effects in cardiovascular (and
most likely other) diseases associated with oxidative/nitrative stress and cell death.

Recent studies indeed have suggested that CB1 receptor antagonists may exert protective
effects in multiple preclinical disease models ranging from hepatic steatosis [48], ischemic-
reperfusion injury [49], endotoxin shock [50,51], to atherosclerosis [9,10,16] and
cardiomyopathy [7]. Chronic rimonabant treatment decreases the elevated serum/plasma
levels of TNF-α, RANTES (Regulated on Activation, Normal T cell Expressed, and
Secreted) and MCP-1, restored plasma levels of the anti-inflammatory hormone adiponectin,
in obese Zucker fa/fa rats [52], and decreased NF-kappaB activation and consequent iNOS
expression in mitogen-stimulated human peripheral blood mononuclear cells [53]. In clinical
trials rimonabant (SR141716) also attenuated multiple inflammatory markers (e.g. TNFα, C-
reactive protein, etc), plasma leptin and insulin levels, and increased plasma adiponectin in
obese patients with metabolic syndrome and/or type 2 diabetes [3,16].

In the context of DOX-induced cardiomyopathy, the above mentioned effect of rimonabant
on NF-kappaB activation, and expression of iNOS may be particularly relevant, since
oxidative/nitrative stress is crucial mediator in the pathogenesis of doxorubicin-induced
myocardial injury. It is possible that some of the beneficial effects of CB1 antagonists
observed in our model, for example decreased nitrotyrosine generation, could be at least in
part mediated by inhibition of NF-kappaB-iNOS pathway. Indeed, DOX-induced oxidative
and nitrative stress [24,25,27,54–57], and the associated activation of various cell death
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pathways (e.g. p38, JNK MAPKs, PARP; [26,58]) play an important role in the
pathogenesis of cardiac dysfunction [59]. Interestingly, increased tissue and/or serum
endocannabinoid levels during reperfusion injury positively correlate with tissue damage
and cell death in experimental models of hepatic ischemic-reperfusion [13,49,60] and stroke
[61]. There is rising acknowledgment that in various pathological conditions CB1 receptor
activation by endocannabinoids may promote activation of stress signaling pathways (e.g.
p38 and JNK MAPKs) facilitating cell demise [6,7,46,62]. Furthermore, oxidative/nitrative
stress may also increase tissue endocannabinoid levels [13,49], presumably by inactivation
of the metabolizing enzyme(s) [7] and/or by increasing the activity of the synthetic
pathways.

In agreement with earlier reports we found that DOX in both acute and chronic murine
models of cardiomyopathies markedly increased myocardial oxidative (increased HNE and
carbonyl protein adducts) and nitrative stress (increased myocardial nitrotyrosine
generation) [22,24,25,27,29,30], accompanied by decreased antioxidant defense (reduced
glutathione levels) and activation of downstream effector cell death pathways (e.g. PARP)
crucially involved in the development of doxorubicin-induced cell demise of
cardiomyocytes and/or endotheial cells, and subsequent cardiomyopathy [24–27]. While
nitrotyrosine has been considered a marker of peroxynitrite formation previously, there is
growing evidence that heme-protein peroxidase activity, in particular neutrophil-derived
myeloperoxidase (MPO), significantly contributes to nitrotyrosine formation in vivo via the
oxidation of nitrite to nitrogen dioxide [37–39]. However, in the acute and chronic models
of DOX-induced cardiomyopathies the myocardial inflammatory component is only
minimal [7,24–26] and the DOX-induced increased nitrotyrosine staining is localized in
cardiomyocytes and endothelial cells [24,25,63]. Furthermore, DOX also increases
nitrotyrosine generation in cardiomyocytes in vitro and peroxynitrite decomposition
catalysts are effective in attenuating DOX-induced cardiac dysfunction and cell death both
in animal models of cardiomyopathy, as well as in vitro in cardiomyocytes [25,27]. The
absence of the significant inflammatory component in this cardiomyopathy model is also
supported by only minimal increase of MPO activity in hearts of DOX exposed FAAH+/+
mice at 3 days, at a time when cardiac dysfunction develops. Therefore, the increased
myocardial nitrotyrosine generation in FAAH+/+ mice in the acute model of DOX-induced
cardiomyopathy most likely originates from increased endogenous peroxynitrite generation
in cardiomyocytes and endothelial cells. Interestingly, while there was only a modest
increase (~30%) in the myocardial MPO activity at 72 hours following DOX administration
in FAAH+/+ mice, significant increases could be detected in the myocardium of FAAH−/−
mice relatively early (from 6 hours following DOX exposure), reaching peak ~167%
increase at 72 hours compared to FAAH+/+ mice. Therefore, in FAAH−/− mice a minor
contribution of inflammatory cells’ derived MPO to NT generation cannot be excluded, and
these inflammatory cells can also contribute to the increased ROS and RNS generation
observed in these animals compared to their wide type littermates, in addition to endothelial
cells and cardiomyocytes. Similar results were also seen in the chronic model of DOX-
induced cardiomyopathy, where even in FAAH+/+ mice a small inflammatory component
appeared to be present.

We observed a time-dependent increase in myocardial nitrotyrosine formation following
acute DOX exposure of mice peaking at days 3–5 [25] coinciding with the fully developed
myocardial dysfunction in this model. We also found that the myocardial nitrotyrosine levels
positively correlated with markers of cell death both in acute and chronic DOX-induced
cardiomyopathy models and negatively with tissue reduced glutathione levels in FAAH+/+
mice. These correlations were similar, but stronger in FAAH−/− mice. There is also a highly
significant inverse relationship between DOX-induced left ventricular fractional shortening
and cardiac nitrotyrosine immunoprevalence [24], and the development of DOX-induced left
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ventricular dysfunction parallels with the increases of the myocardial nitrotyrosine levels
[25], supporting a key role of the endogenous peroxynitrite generation in mediationg DOX-
induced cardiotoxicity.

Similar to the above described for NT (larger in FAAH−/− mice) time-dependent changes in
myocardial HNE protein adducts (marker of lipid peroxidation and oxidative stress) were
seen in acute DOX exposed mice (slightly preceding the nitrative stress), which also
paralleled with increased cell death and decreased myocardial reduced and total glutathione
content; the latter also suggests that the DOX-induced secondary ROS/RNS generation was
most likely responsible for the depletion of myocardial glutathione rather than a direct effect
of DOX itself. On the basis of our markers of ROS we cannot precisely predict the types of
ROS involved in the observed effects, however the findings that preincubation of hearts
from DOX-treated mice with SOD in EPR experiments resulted in ~40–50% reduction of
the overall signal (data not shown) indicate that superoxide was involved.

While the most likely source of increased myocardial reactive oxygen species generation by
DOX in the acute cardiomyopathy model is the mitochondrion [25,29,64], additional
contribution from the increased activity of the NADPH oxidases (without increased mRNA
expression) cannot be excluded in vivo [25,27]. Indeed, in the chronic DOX-induced
cardiomyopathy model the expression of several isoformes of NADPH oxidases are
secondarily increased, which are most likely contributing to the DOX-induced increased
ROS generation [7]. Inducible nitric oxide synthase appears to be involved in DOX-induced
increased nitrative stress [24,25,27]. The increased DOX-induced superoxide and nitric
oxide generation facilitates the formation of reactive oxidant peroxynitrite [40], which may
impair cardiac function via multiple interrelated mechanisms, including but not limited to
promoting apoptotic and PARP-dependent cell death [65,66]. Indeed, peroxynitrite is a key
trigger of cell death in cardiomyocytes and endothelial cells during ischemic-reperfusion
injury [67,68], as well as in both in vivo and in vitro models of DOX-induced
cardiomyopathy [25,69]. Consistent with the DOX-induced mitochondrial dysfunction and
activation of mitochondrial cell death pathways, we found increased cyto-C release from the
mitochondria to cytosol, and activation of caspase 3/7 in myocardium of DOX-treated mice.
Most likely DOX initially increases mitochondrial superoxide and, consequently, the
generation of other ROS (e.g., H2O2) in cardiomyocytes and/or endothelial cells by redox
cycling [25,30]. Increased DOX-induced ROS generation in cardiomyocytes and endothelial
cells triggers the activation of the transcription factor NF-kappaB [70], leading to enhanced
iNOS expression and NO generation [24,25]. NO, irrespective of its source (other sources
such as eNOS may also contribute to NO generation), diffuses freely and reacts with
superoxide to form peroxynitrite both in the cytosol and mitochondria, which, in turn,
induces cell damage via lipid peroxidation, inactivation of enzymes and other proteins by
oxidation and nitration, and activation of stress signaling pathways (e.g., MAPK), MMPs,
and PARP-1, among others [65]. In the mitochondria, peroxynitrite, in concert with other
ROS/reactive nitrogen species, impairs various key mitochondrial enzymes, leading to more
sustained intracellular ROS generation (persistent even after DOX already metabolized),
triggering further activation of transcription factor(s) and iNOS expression, resulting in the
amplification of oxidative/nitrative stress [40,65,66]. In the mitochondria, peroxynitrite also
triggers the release of proapoptotic factors (e.g., Cyt-C and apoptosis-inducing factor)
mediating caspase-dependent and -independent cell death pathways, which are also pivotal
in DOX-induced cardiotoxicity [25]. Peroxynitrite, together with other oxidants, also causes
strand breaks in DNA, activating the nuclear enzyme PARP-1 dependent cell death
pathways (mostly necrotic) [26]. Overactivated PARP may also facilitate the expression of a
variety of inflammatory genes leading to increased inflammation (PARP-1 is a known
coactivator of NF-kappaB) and associated oxidative stress, thus facilitating the progression
of cardiovascular dysfunction and heart failure [71].
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Collectively, the DOX-induced above mentioned pathological alterations were markedly
enhanced in FAAH−/− mice compared to their wild type FAAH+/+ littermates. The DOX-
induced oxidative and nitrative stress strongly correlated with myocardial cell death and
dysfunction. Oxidative/nitrative stress and inflammation increases endocannabinoid levels in
inflammatory as well as parenchyma cells by either enhancement of the biosynthetic
pathways or by inactivation of the endocannabinoid metabolizing enzymes such as FAAH (a
key regulator of the tissue AEA levels because of the rapid metabolism) [13,49]. Various
oxidants (e.g. peroxynitrite, H2O2) and inflammatory stimuli (endotoxin, TNF-alpha)
increase endocannabinoid levels in parenchyma and or inflammatory cells [49,61].
Similarly, DOX in cardiomyocytes in vitro and in mouse hearts increases AEA levels [28],
most likely as a secondary consequence of ROS/RNS generation, which can lead to
inactivation of metabolic enzyme(s) or enhanced endocannabinoid synthesis. Indeed,
decreased activity of FAAH has recently been reported in a rodent model of DOX-induced
cardiomyopathy [7], which may be responsible for the increased AEA levels in vivo [28].
Consequently, AEA (or perhaps other fatty acid amides) by activating CB1 receptors in
plasma membranes of cardiomyocytes [7], endothelial [6,72] and inflammatory cells [8] or
CB1 receptor-independent pathways can trigger increased reactive oxygen species
production, MAPK activation, and cell death. Fatty acid amides such as AEA most likely
may primarily influence ROS generation and the increase in nitrative stress is only the
secondary consequence of increased ROS generation. In addition, the increased neutrophil
infiltration in myocardial tissues of FAAH−/− mice treated with DOX compared to their
FAAH+/+ littermates may explain, at least in part, the increased oxidative and nitrative
stress coupled with greater impairment of the antioxidant defense and increased cell death in
knockouts. Isolated inflammatory cells from FAAH−/− mice exhibited higher sensitivity to
AEA-induced ROS generation compared to cells of FAAH+/+ mice without difference in
the maximal ROS production induced by PMA. The enhanced inflammatory cell infiltration
in myocardium of DOX treated FAAH−/− mice is consistent with the recently found
unexpected role of CB1 receptors in inflammatory cell migration associated with
atherosclerosis [9,10], demonstrating that endocannabinoids and CB1 receptors on immune
cells are involved in promoting vascular inflammatory response.

The beneficial effects of CB1 blockade in DOX induced cardiomyopathy models may
comprise of: a) attenuation of the CB1 receptor-dependent cardiodepressive effects of AEA,
b) decrease of the AEA-induced ROS generation, MAPK activation and cell death in
endothelial cells, cardiomyocytes and inflammatory cells, c) decrease in inflammatory cell
infiltration and secretion of pro-inflammatory mediators (e.g. TNF-alpha) by these cells, and
d) attenuation of the NFkappaB-iNOS pathway resulting in decreased NO generation and
consequent peroxynitrite formation through the diffusion limited reaction of superoxide with
NO.

Thus, in pathological conditions associated with marked oxidative/nitrative stress without
major inflammatory cell component (like in our DOX-induced cardiomyopathy models),
FAAH plays a key role in controlling the endocannabinoid anandamide-induced myocardial
cell death/tissue injury, which is, at least in part, mediated by the activation of
cardiovascular CB1 receptors. Conversely, pharmacological inhibition of CB1 exerts
beneficial effects against DOX-induced cardiotoxicity by attenuating the vicious circle of
the above mentioned overactivated pathological pathways, which coupled with a recent
study demonstrating that it also inhibits human colon cancer cell growth and reduces the
formation of precancerous lesions in the mouse colon [73], and emerging development of
peripherally restricted novel CB1 antagonists [74,75], are very exciting.
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Figure 1. Cannabinoid CB1 receptor inhibition attenuates acute DOX-induced increased
myocardial oxidative and nitrative stress and impaired antioxidant defense 5-day following DOX
administration
Panel A: DOX administration enhanced myocardial HNE levels (marker of oxidative stress),
which were attenuated by CB1 antagonists AM281 and SR141716. Panel B:
Immunoprecipitation for myocardial nitrotyrosine (NT; marker of nitrative stress) shows
DOX-induced increased NT formation, which was attenuated by CB1 antagonists. Panel C:
Experiments from quantitative NT ELISA demonstrate DOX-induced increased myocardial
NT formation, which was attenuated by CB1 antagonists. Panel D: Measurements of
myocardial glutathione content showed DOX-induced decreases, which was attenuated by
CB1 antagonists. Results are mean±SEM of 4–7 experiments/group for panels A, C and D.
*P<0.05 vs. vehicle; #P<0.05 vs. DOX treated mice.
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Figure 2. Cannabinoid CB1 receptor inhibition attenuates acute DOX-induced increased
myocardial cytochrome C release and cell death 5-day following DOX administration
Panel A: representative immunoblot from myocardium shows enhanced release of
cytochrome C (Cyto-C) into the cytosol after DOX administration, which was attenuated
with CB1 receptor antagonists AM281 and SR141716. Panel B: quantification of
cytochrome C release (in the cytosol it is normalized to β-actin, in the mitochondria to
COX-IV). Panels C and D: DOX administration enhanced myocardial Caspase 3/7 (Panel C)
and PARP (Panel D) activities (markers of cell death), which were attenuated by CB1
antagonists AM281 and SR141716. Results are mean±SEM of 6–8 experiments/group.
*P<0.05 vs. vehicle; #P<0.05 vs. DOX treated mice.
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Figure 3. Genetic deletion of FAAH is associated with enhanced acute DOX-induced myocardial
cell death 3-day following DOX administration and decreased survival thereafter
Panel A: FAAH−/− mice treated with DOX show markedly reduced survival, compared to
their wild type (FAAH+/+) littermates (n=11 and 13/group). P<0.05 vs. DOX-treated mice
by Kaplan-Meier survival analysis. Panels B–D shows markedly increased myocardial cell
death (both apoptotic and PARP-dependent) in FAAH−/− mice treated with DOX compared
to their wild type (FAAH+/+) littermates. Results are mean±SEM of 6–8 experiments/group.
*P<0.05 vs. vehicle in FAAH+/+ or FAAH−/− mice; #P<0.05 vs. DOX in FAAH+/+ treated
mice.
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Figure 4. Genetic deletion of FAAH is associated with enhanced acute DOX-induced myocardial
oxidative and nitrative stress 3-day following DOX administration
Panels A–D show that FAAH−/− mice treated with DOX had significantly increased
oxidative and nitrative stress compared to their wild type (FAAH+/+) littermates. Results
are mean±SEM of 5–8 experiments/group. *P<0.05 vs. vehicle in FAAH+/+ or FAAH−/−
mice; #P<0.05 vs. DOX in FAAH+/+ treated mice.
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Figure 5. Genetic deletion of FAAH is associated with time-dependently enhanced DOX-induced
cell death, oxidative and nitrative stress
Panel A–G show time-dependent increase of DOX-induced myocardial cell death, oxidative
and nitrative stress, neutrophil infiltration (MPO activity) and decrease in reduced as well as
total glutathione contents. These changes were aggravated in the absence of FAAH. Results
are mean±SEM of 16–36 experiments/group. *P<0.05 vs. vehicle in FAAH+/+ or FAAH−/
− mice; #P<0.05 vs. DOX in FAAH+/+ treated mice.
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Figure 6. Myocardial oxidative and nitrative stress markers show direct positive correlation with
cell death marker and negative correlation with reduced glutathione content 3 days following the
administration of an acute single dose of DOX in FAAH+/+ and FAAH−/− mice
Panel A–B show direct correlation of nitrotyrosine and HNE protein adducts with caspase
3/7 activity in FAAH+/+ and FAAH−/− mice. Panel C–D show inverse correlation of
reduced glutathione with nitrotyrosine and HNE protein adducts in FAAH+/+ and FAAH−/
− mice. Results are mean±SEM of 8–24 experiments/group. Hollow triangles and circles
denote data points from FAAH+/+ mice without and with DOX (left), respectively, while
filled triangles and circles indicate data points from FAAH−/− mice without and with DOX
(right), respectively.
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Figure 7. The enhanced acute DOX-induced myocardial ROS generation in FAAH−/− mice is
attenuated by CB1 antagonists
Upper representative EPR traces show markedly increased DOX-induced myocardial ROS
generation in FAAH−/− mice compared to FAAH+/+ mice 3 days following DOX
administration, which is attenuated by CB1 antagonists SR141716 and AM281. Below panel
shows quantifications. Results are mean±SEM of 4–5 experiments/group. *P<0.05 vs.
vehicle in FAAH+/+ or FAAH−/− mice; #P<0.05 vs. DOX in FAAH+/+ treated mice;
$<0.05 vs. DOX in FAAH−/− treated mice.
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Figure 8. The enhanced acute DOX-induced myocardial oxidative/nitrative stress in FAAH−/−
mice is attenuated by CB1 antagonists
Panels A–D show markedly increased DOX-induced myocardial oxidative (HNE, protein
carbonyl) and nitrative (nitrotyrosine) stress in FAAH−/− mice compared to FAAH+/+
littermates 3 days following DOX administration, which is attenuated by CB1 antagonists
SR141716 and AM281. Results are mean±SEM of 5–7 experiments/group. *P<0.05 vs.
vehicle in FAAH−/− mice; #P<0.05 vs. DOX in FAAH−/− mice.
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Figure 9. The enhanced acute DOX-induced myocardial cell death in FAAH−/− mice is
attenuated by CB1 antagonists
Panels A–D show markedly increased DOX-induced myocardial cell death in FAAH−/−
mice compared to FAAH+/+ littermates 3 days following DOX administration, which is
attenuated by CB1 antagonists SR141716 and AM281. Results are mean±SEM of 5–8
experiments/group. *P<0.05 vs. vehicle in FAAH−/− mice; #P<0.05 vs. DOX in FAAH−/−
mice.
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Figure 10. The enhanced acute DOX-induced myocardial apoptosis in FAAH−/− mice is
attenuated by CB1 antagonists
Panels A: the upper row of images (green) shows representative TUNEL staining 3 days
following DOX administration, the middle row (dark blue) is the nuclear staining, while the
bottom one is the colocalization of both (light blue/white nuclei represents TUNEL positive
cells). Panel B: quantification of myocardial TUNEL staining. Results are mean±SEM of
10–12 frames/group from 3–4 different hears. *P<0.05 vs. vehicle in FAAH−/− or FAAH+/
+ mice; #P<0.05 vs. DOX in FAAH+/+ or FAAH−/− mice; $P<0.05 vs. DOX in FAAH+/+
mice.

Mukhopadhyay et al. Page 28

Free Radic Biol Med. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 11. FAAH−/− mice develop more severe acute DOX-induced cardiac dysfunction
Panel A shows decrease in markers of left ventricular contractile function (maximum first
derivative of ventricular pressure with respect to time (+dP/dt), maximal left ventricular
pressure (LVP), ejection fraction, stroke work and cardiac output) in FAAH+/+ and FAAH
−/− mice 3 days following acute DOX treatment (aDOX). The DOX-induced myocardial
dysfunction was significantly more pronounced in FAAH−/− mice compared to their wild-
type littermates (Figure 11A–B) and was improved by CB1 antagonists SR141716 (SR1) or
AM281 (AM) treatment (Figure 11A–B). Results are mean±SEM of 5–7 experiments/group.
*P<0.05 vs. vehicle in FAAH+/+ or FAAH−/− mice; #P<0.05 vs. DOX in FAAH+/+ mice;
$P<0.05 vs. DOX in FAAH−/− mice.
Panel B shows representative pressure-volume (P–V) loops (upper row, blue), volume signal
(second row, red), left ventricular (LV) pressure signal (third row, blue) and derivative of
the LV pressure signal (bottom row, green) in FAAH+/+ and FAAH−/− mice 3 days
following acute DOX administration, and in FAAH−/− mice treated with DOX with CB1
antagonists. Please note that the rightward shift of the P–V loops, decrease in stroke volume
and in the LV pressure signal amplitude and maximum first derivative of LV pressure with
respect to time (+dP/dt) indicates depressed myocardial contractile performance.
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Figure 12. Enhanced chronic DOX-induced myocardial cell death, inflammation, and oxidative
and nitrative stress in FAAH−/− mice
FAAH−/− mice treated with multiple low doses of DOX had markedly increased
myocardial cell death (Panel A–B), neutrophil infiltration (Panel C; MPO activity) and
significantly increased oxidative and nitrative stress (Panel D–H) compared to their wild
type (FAAH+/+) littermates 30 days following the first DOX administration. Results are
mean±SEM of 8–12 experiments/group. *P<0.05 vs. vehicle in FAAH+/+ or FAAH−/−
mice; #P<0.05 vs. DOX in FAAH+/+ treated mice.
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Figure 13. Myocardial oxidative and nitrative stress markers show direct correlation with cell
death and reduced glutathione content after chronic DOX administration
Panels A–D show direct correlation of myocardial nitrotyrosine and HNE with DNA
fragmentation and caspase 3/7 activity in FAAH+/+ and FAAH−/− mice. Panels E–F show
inverse correlation of reduced myocardial glutathione content with nitrotyrosine and HNE
protein adduct content in FAAH+/+ (open) and FAAH−/− mice (solid) after vehicle
(triangle) and DOX (circle) treatment. Results are mean±SEM of 8 experiments/group.
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Figure 14. Anandamide enhances cell death in human cardiomyocytes treated with FAAH
inhibitor, and increased ROS production in FAAH knockout neutrophils
Panel A shows that anandamide (AEA) enhances concentration-dependent cell death in
human primary cardiomyocytes, which is more pronounced in the presence of FAAH
inhibitor URB527. Panel B shows the dose concentration-dependent effect of anandamide
(AEA) on respiratory burst in neutrophil granulocytes isolated from FAAH+/+ and FAAH−/
− mice. Phorbol Ester (PA) was used as positive control.
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