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SUMMARY

eart failure (HF) progression is character-
ized by progressive fibrosis, inflammation,
decreased contractile function and relaxa-
tion, as well as apoptosis. Central to the underlying
mechanisms that are responsible for all those changes
is the state of mitochondrial function. In failing
myocardium alterations in Ca®>* handling, respiratory
chain and electron transport and ultimately energy
supply are seen, and therefore, preserving mitochon-
drial function provides a unique therapeutic target.
Contractile dysfunction and pathological remod-
eling associated with HF are closely related to Ca®"
mishandling;"”> Ca®>" is a second messenger that links
electrical stimulation of the plasma membrane with
the cytosolic Ca*" handling and ATP production in
mitochondrial excitation- contraction-energetic
coupling.®* The major pathway for mitochondrial
Ca?" uptake is the mitochondrial calcium uniporter
(MCU) complex, which is overexpressed in murine
models of pathological hypertrophy®” and in the left
ventricle (LV) of patients with HF, positively corre-
lating with pathological remodeling.® In this context,
cannabidiol has been shown to be beneficial, because
it directly targets the mitochondria and modulates
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Heart failure (HF) is characterized by energy deprivation, calcium (Ca®*) handling alterations, and inflammation:
effects associated with mitochondrial dysfunction. Cannabidiol previously prevented mitochondrial dysfunc-
tion. Thus, it may prevent HF progression. In mice with HF, subcutaneous cannabidiol attenuated cardiac
fibrosis, hypertrophy, loss of ejection fraction, and inflammation; isolated cardiomyocytes preserved cell
shortening, Ca** handling, mitochondrial function and redox balance. Hypertrophied ventricular cardiomyo-
blasts suggested cannabidiol-mediated effects through peroxisome proliferator-activated gamma receptors.
Therefore, cannabidiol in HF limited cardiac hypertrophy and preserved contractile function by sustaining
cardiomyocyte and mitochondrial function through redox balance maintenance, supporting cannabidiol
role as a cardioprotective therapy in HF. (JACC Basic Transl Sci. 2025;10:800-821) © 2025 The Authors.
Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

mitochondrial Ca®>" handling in several dis-
eases, including cardiac disorders.”'?

ABBREVIATIONS
AND ACRONYMS

AWm = mitochondrial
membrane potential

BNP = B-type natriuretic
peptide

Ca®’ = calcium
CBD = cannabidiol

CRC = calcium retention
capacity
EDPVR = end-diastolic

pressure-volume relationship

ESPVR = end-systolic
pressure-volume relationship

HF = heart failure

MCU = mitochondrial calcium
uniporter

PPAR-y = peroxisome
proliferator-activated
receptor y

Cannabidiol is a major constituent of the
plants of the genus Cannabis and, in recent years,
evidence has accumulated in support of a car-
dioprotective effect mediated by cannabidiol,
including limiting damage caused by ischemia-
reperfusion injury.’3'® Cannabidiol can counterbal-
ance chemotherapy cardiotoxicity by attenuating
oxidative stress, boosting mitochondrial function,
favoring mitochondrial biogenesis, reducing inflam-
mation, diminishing cell death, and safeguarding
myocardium ultrastructure.”’-'® From a chronic treat-
ment perspective, cannabidiol was shown to partially
rescue the heart from functional and molecular alter-
ationsrelated to diabetic cardiomyopathy, presumably
by dampening oxidative-nitrosative stress and inhib-
iting the nuclear factor kappa beta (NF-kf}) pathway."?
Moreover, cannabidiol relieved the heart from both
systolic and diastolic dysfunction by hampering T-cell
infiltration in a preclinical model of autoimmune
myocarditis.”® Because of its demonstrated safety and
tolerability, along with the previously indicated evi-
dence of its cardioprotective action,”' cannabidiol has
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great translatability in the field of cardiovascular dis-
orders. However, the mechanisms by which cannabi-
diol confers cardioprotection are not completely
understood.

In the present study, we hypothesized that can-
nabidiol prevents progression of HF by preserving the
mitochondrial function. In an angiotensin II (ANGII)-
induced HF mouse model we evaluated whether
cannabidiol improves cardiac remodeling and
inflammation. Furthermore, the therapeutic effects of
cannabidiol were explored over cardiac function in
the HF heart and in isolated HF cardiomyocytes. In
addition, cardiac bioenergetics, mitochondrial Ca**
overload, and oxidative state were assessed in HF
cardiomyocytes and an in vitro model of cardiac hy-
pertrophy. Finally, the role of cannabidiol in the
peroxisome proliferator-activated receptor y (PPAR-y)
was determined by an in vitro model of cardiac hyper-
trophy and in silico studies. The results point towards
mitochondrial protection via PPAR-y activation by can-
nabidiol (CBD).

METHODS

REAGENTS. All reagents were purchased from Sigma-
Aldrich, unless otherwise stated. Cannabidiol was
obtained from Noramco.

EXPERIMENTS PERFORMED: IN VIVO, EX VIVO, AND
IN VITRO. A summary of the performed experiments
in this study can be found in Supplemental Figure 1.
In vivo studies were complemented with ex vivo and
in vitro studies to characterize the mechanisms of
action of cannabidiol on cardiac tissue.

HF ANIMAL MODEL. All animal protocols were
reviewed and approved by the Institutional Animal
Care and Use Committee of the Tecnoldgico de
Monterrey in accordance with the NORMA Oficial
Mexicana NOM-062-Z00-1999 (Protocol number
2018-003) following the ARRIVE guidelines. Male
C57BL/6 mice purchased from Bioinvert. Heart failure
was induced in 11-week-old mice after administration
of 1% NaCl and 0.01% of N-nitro-L-arginine methyl
ester (L-NAME) in the drinking water for 1 week.
Then, a micro-osmotic pump was surgically implanted
in the subdermal dorsal area diffusing ANGII at arate of
0.7 mg/kg/d.?> The control group received the same
manipulation, without the implantation of the pump.
Animals were kept at 25 °C with a 12-hour light/dark
cycle. Water and food were given ad libitum. A group of
ANGII-treated animals were injected subcutaneously
with cannabidiol dissolved in polyethylene glycol and
elastin-like polypeptide (PEG-ELP) every third day for
28 days, the second day after pump implantation
(HF+CBD). The other groups were given an equivalent

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 10, NO. 6, 2025
JUNE 2025:800-821

volume of vehicle. On the 28th day after the pump
implantation, the end of the protocol, one group of
animals was used for pressure-volume (PV) loop anal-
ysis. The hearts of these animals were preserved for
protein and RNA extraction, histopathologic analysis,
and mitochondrial isolation. Other groups of animals
were used to isolate cardiomyocytes.

EUTHANASIA AND TISSUE SELECTION. At the end of
the protocol, mice were first anesthetized with sevo-
fluorane 4% to 5% before any procedure. In this case,
a laparotomy-style incision in the abdomen was per-
formed to obtain at least 500 pL of blood from the
vena cava. Afterwards, hearts were excised and
placed in a petri dish with phosphate-buffered saline
(PBS) solution. Hearts were weighed and cut into 3
sections. Middle sections were placed in a formalde-
hyde fixating solution, whereas the apex and the rest
were placed into liquid nitrogen, then moved to
—20 °C storage for polymerase chain reaction (PCR)
analysis. In another set of experiments, PV loops were
measured along with mitochondria extraction. Here,
mice were intubated. Afterwards, the heart was
accessed through a laparotomy-style incision in the
abdomen and a catheter was inserted into the LV.
After PV loop recording, the heart was excised and
transferred to a tube with mitochondria isolation so-
lution. In another set of experiments cardiomyocytes
were isolated, where the heart was accessed through
a laparotomy-style incision in the abdomen to inject
cardiomyocyte isolation solution directly into the
right ventricle to wash as much blood as possible.
Afterwards, the ascending aorta was clamped, the
heart was excised and placed into a petri dish with
isolation solution to continue the protocol ex vivo,
and more isolation solution was injected directly into
the LV to pass through coronary circulation.

HISTOPATHOLOGIC SLIDES PREPARATION AND
MICROPHOTOGRAPHY. Samples for histopathologic
analysis were fixed in 4% (weight/volume) para-
formaldehyde in PBS for at least 24 hours at room
temperature, transferred to 70% ethanol, embedded
in paraffin, and processed for Masson’s trichrome and
hematoxylin and eosin (H & E) staining. Micropho-
tographs were acquired using an Imager Z.1 Zeiss
microscope, with an AxioCam HRm and microphoto-
graph processing with the AxioVision software. These
were used to assess cardiac fibrosis and myocyte, as
detailed in the following text.

ASSESSMENT OF CARDIAC REMODELING BY FIBROTIC
INDEX AND HYPERTROPHY. To assess fibrosis, we used
a semiquantitative approach; after staining with
Masson’s trichrome, we took blinded pictures of the
whole tissue and quantified the number of color
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pixels of each microphotography to make a ratio of %
blue (fibrotic tissue)/%red (muscle) using ImageJ
software.”> Heart hypertrophy was assessed by
normalizing heart weight to body weight and by
assessing the area of transversal myocytes by taking
pictures from H & E-stained slides. A total of 2 to 3
photos were taken for each slide at the level of the
papillary muscles. Only cells with the nucleus at the
center and with a defined cytoplasm were considered.
At least 20 cells per image were selected, and the
cross-sectional diameter was assessed with a protocol
as previously reported,”® using the AxioVi-
sion software.

TERMINAL DEOXYNUCLEOTIDYLTRANSFERASE-MEDIATED
dUTP-BIOTIN NICK END LABELING ASSAY. For analysis
of apoptosis, we used the HRP-DAB terminal
deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling assay staining kit (Ab206386,
Abcam); 10 pumol/L sections of paraffin-embedded
hearts were processed according to the manufac-
turer’s instructions. All of the stained slides were
scanned, blinded to the user, with a Imager Z.1 Zeiss
with AxioCam HRm and processed using the AxioVi-
sion software (Zeiss). The measurement of relative
apoptosis in tissues was performed with the pixels
count analysis using the ImageJ software.

CASPASE ACTIVITY MEASUREMENTS. Apoptosis was
determined in 100 pg of heart homogenates, as we
described previously,” using the Caspase Glo 3/7
assay (Promega) according to manufacturer in-
structions. The ratio of Caspase-Glo 3/7 Reagent vol-
ume to sample volume was 1:1 (in a total of 100 puL),
and the maximal luminescent signal was measured
after 60 minutes. Luminescence was determined us-
ing the Synergy HT plate reader (BioTek). Increased
luminescence was assumed to be incremented
apoptosis in cardiac cells.

IN VIVO INTRA-LV HEMODYNAMICS. The LV hemo-
dynamics were assessed in vivo through PV analysis
performed as previously described,?® using an open-
heart configuration and a 1.2-F PV catheter with the
ADV500 PV measurement system (Transonic Sci-
ence). At least 5 mice were used to measure heart
hemodynamics for each group; data were acquired
and analyzed using labScribe version 4.31 (iWorx
System Inc).

IN VIVO BLOOD PRESSURE ASSESSMENT. For blood
pressure assessments, animals were acclimated to a
holder for 3 consecutive days before the actual
determination of blood pressure during the last week
of the model. Acclimation consisted of gently placing
each animal for 3, 5, and 10 minutes inside a rodent
holder during the first, second, and third training
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days. All sessions, including training, took place from
9:00 AM to 11:00 am. No anesthesia was required. After
3 consecutive days of acclimation, blood pressure was
measured noninvasively in the animal’s tail with the
CODA system (Kent Scientific). Once inside the hold-
er, the animal was placed over a heating pad so that
the tail temperature was about 32 °C. A ring- like
“occlusion cuff” was slid to the base of the tail until
resistance was encountered. A volume-pressure
recording “VPR cuff” was placed behind the occlu-
sion cuff. The animal was then covered with a
warming blanket. The initial 5 cycles were discarded,
after which 10 regular cycles were recorded. The
deflation time of the occlusion cuff was set to 20
seconds. At least 3 “accepted” readings per animal,
according to the CODA software (Kent Scientific),
were considered for further analysis.

CARDIOMYOCYTE ISOLATION. The procedure was
performed following previous reports.”” After anes-
thesia, in C57/BL6J mice, the chest was opened to
expose the heart and the descending aorta was cut.
The heart was flushed by injection of EDTA buffer (in
mmol/L: 130 NacCl, 5 KCl, 0.5 NaH,PO,, 10 HEPES, 10
glucose, 10 BDM, 10 taurine, 5 EDTA) into the right
ventricle. Ascending aorta was clamped and the heart
was transferred to a dish to inject EDTA buffer,
perfusion buffer (in mmol/L: 130 NaCl, 5 KCIl, 0.5
NaH,PO,, 10 HEPES, 10 glucose, 10 BDM, 10 taurine, 1
MgCl,), and collagenase buffer (in mg/mL: 0.5 Coll 2,
0.5 Coll 4, 0.05 Protease XIV 0.05) into the LV. Con-
stituent chambers were separated using forceps.
Cellular dissociation was completed by gentle tritu-
ration with a 1-mL syringe, and enzyme activity was
inhibited by addition of 5 mL stop buffer (5% fetal
bovine serum [FBS] in perfusion buffer). Cell sus-
pension was filtered and the extracellular Ca®*" con-
centration was gradually restored before continuing
with the following experiments.

MITOCHONDRIAL MEMBRANE POTENTIAL MEASUREMENT
IN INTACT CARDIOMYOCYTES. Isolated cardiomyocytes
were incubated in Tyrode (Ty) buffer (in mmol/L: 128
NaCl, 0.4 NaH,PO,, 6 glucose, 5.4 KCl, 0.5 MgCl, 5
creatinine, 5 taurine, and 25 HEPES; pH 7.4) supple-
mented with 1 pmol/L Ca?* and 300 nmol/L tetrame-
thylrhodamine ethyl ester perchlorate (T669, Thermo
Fisher Scientific) for 30 minutes at 25 °C.?® After
washing with fluorophore-free and Ca®'-free Ty
buffer, 2-dimensional images (1,024 x 1,024 pixels,
400 Hz, 1-um section thickness) were taken at 543 nm
excitation and 555 to 700 nm emission window to
register the mitochondrial membrane potential
(A¥m). Results are shown normalized to the control
group as a percentage analyzed by imagelJ.
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MITOCHONDRIA ISOLATION. After the 28th day of
treatment, hearts were excised and cut into small
pieces. Minced hearts were washed in digestion
buffer (in mmol/L: 250 sucrose, 1 EDTA, and 10 Hepes
pH 7.3) and incubated in digestion buffer supple-
mented with 0.12 mg protease (subtilisin A). Samples
were incubated for 10 minutes at room temperature.
Afterwards, samples were centrifuged at 800 g for
10 minutes. Clarified homogenates were centrifuged
at 10,000 g for 10 minutes to recover cardiomyocytes.
The pellet was suspended in mitochondrial isolation
buffer (in mmol/L: 250 sucrose and 10 Hepes pH 7.3)
and broken in a Dounce homogenizer. Mitochondria
were obtained by differential centrifugation accord-
ing to Bernal-Ramirez et al.*®

Isolated mitochondria were suspended in mito-
chondrial respiratory buffer (in mmol/L: 140 potas-
sium gluconate, 5 KH,PO,, and 10 EPES, pH 7.2) and
diluted at a final concentration of 0.6 mg/mL.

MITOCHONDRIAL FUNCTION ASSESSMENT. Respi-
ratory studies were performed in isolated mitochon-
dria, which isolated from hearts and diluted in
mitochondrial respiratory buffer to obtain a final
concentration of 0.1 mg/mL. Respiratory chain activ-
ities were evaluated in a high-resolution respirometer
(Oroboros Instrument) by measuring the succinate-
dependent respiration in the presence of 10 mmol/L
succinate and 2 pg/mL rotenone.”® Routine and
phosphorylating respiration (state 3) were assessed
by the sequential addition of substrate (10 mmol/L
succinate + 2 pg/mL rotenone), 200 pmol/L ADP, and
0.08 pumol/L carbonyl cyanide p-trifluoro-methox-
yphenyl hydrazone (FCCP), respectively.

OXIDATIVE STRESS MARKERS. Protein carbonyl
content was assessed in homogenized cardiac tissue
following the assay kit ab126287 (Abcam) in-
structions. Absorbance was measured was measured
using a Synergy HT plate reader (BioTek).

Reduced glutathione (GSH) and oxidized gluta-
thione (GSSG) were measured in homogenized cardiac
tissue following the assay kit ab239709 (Abcam) in-
structions. Absorbance was measured was measured
using a Synergy HT plate reader (BioTek).

CELL SHORTENING AND Ca?* HANDLING MEASUREMENTS
IN INTACT CARDIOMYOCYTES. Cell shortening and
intracellular Ca®" signaling were evaluated simulta-
neously, as previously reported.>° Data analysis was
performed in MATLAB version 9.4.0.813654 (R2018a)
(The MathWorks, Inc). Transient characteristics
evaluated were transient amplitude as the maximal
AF/F, value, where F, is the average fluorescence
intensity before Ca®* transient rise; time to peak as
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the time between the onset and the peak points; time
to 50% of decay (Ts0) as the time elapsed between
the peak and 50% amplitude time points; and decay
tau (1) as the time constant of a simple exponential fit
of the decay phase of the transient, comprised be-
tween the peak and the ending times. Cell shortening
was characterized as maximal shortening as the
maximal difference between cell lengths. Time to
peak shortening (TTPS) is the time elapsed between
the onset and the maximal shortening points; and
time to half relaxation (TTHR) is the time elapsed
between the maximal shortening time and the
moment by which the cell length has recovered to
50% of the maximal shortening. To evaluate spark
characteristics in freshly isolated myocytes, longitu-
dinal cell axis with 100-nm pixel size records were
taken at a 1 Hz pace. Analysis was performed using
ImageJ software (National Institutes of Health) with
the Sparkmaster plugin.®' All of the confocal mea-
surements were acquired using a Leica TCS SP5
confocal microscope equipped with a D-apochromatic
40X, 1.2 NA, oil objective (Leica Microsystems) at
25 °C.28’29

CELLULAR CULTURE. Rat ventricular myocardial
H9c2 cell line (CRL-1446, ATCC) passage 20 was
seeded in 6-well plates in Dulbecco’s Modified Eagle’s
Medium-high glucose medium (Sigma Aldrich, Cat nr:
D- 7777) + 10% FBS and 1% penicillin +streptomycin
at 70,000 cells/well for reactive oxygen species (ROS)
assessment and 20,000 cells/well for hypertrophy
evaluation. Incubation conditions were 37 °C and 5%
CO,. After 24 hours, cells were starved off FBS to 1%;
this concentration was kept for the rest of the
experiment. The cells received 1 pmol/L ANGII
(TOCRIS, R and D), each 24 hours for 2 days, and the
respective groups received 0.001, 0.01, 0.1, and
1 umol/L cannabidiol.

IN VITRO ASSESSMENT OF CELLULAR HYPERTROPHY.
To evaluate cellular hypertrophy after ANGII stimu-
lation, H9c2 cells were seeded in coverslips and
loaded with calcein-AM (5 pmol/L, Invitrogen,
C34852) during 30 minutes at 37 °C. Afterward, cov-
erslips were mounted in a superfusion chamber and
Drags5 (20 pmol/L, Thermo Scientific, 62251) in Tyrode
was added to stain the nuclei. XY records were taken
using a Leica TCS SP5 confocal microscope equipped
with a D-apochromatic 40x, 1.2 NA, oil objective
(Leica Microsystems), excitation wavelength was
488 nm, and the emission window was 500 to
600 nm. Images were analyzed using ImageJ software
(National Institutes of Health) to assess cell sur-
face area.
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IN VITRO ASSESSMENT OF MITOCHONDRIAL ROS.
Hoc2 cells were detached and resuspended in 500 pL
of Tyrode with 5 pmol/L MitoSOX incubated for
10 minutes at 37 °C and analyzed by flow cytometry
measuring fluorescence. At least 20,000 events were
analyzed in a FACSCanto II cytometer (BD Bio-
sciences) and triplicate experiments were carried out
for each set. We performed doublet exclusion for each
analysis and analyzed the MFI expression of the
whole population of MitoSOX (PE channel) and
DCFDA (FITC channel). Data were analyzed using
FlowJo V1o0.

IN VITRO MITOCHONDRIAL Ca%?* CONTENT. Hoc2
cells were suspended in respiratory buffer supple-
mented with 0.04 pmol/L digitonin, 1 nmol/L Fluo-4
AM (Life Technologies). The cell impermeant probe
Fluo-4 can sense intracellular Ca®" once cells are
permeabilized with digitonin. This allows for the
monitoring of cytosolic Ca®>* given that the probe is
not permeable to mitochondria. Cytosolic Fluo-4
fluorescence (F, value) was then measured in a Syn-
ergy HT microplate reader (filters ex/em: 490/
530 nm). After F, determination, the Ca®>" contained
within mitochondria was determined by depolarizing
mitochondria with the respiratory chain uncoupler
FCCP (1 pmol/L). Mitochondrial depolarization allows
release of the mitochondrial Ca®>" to the cytosol,
which is now sensed by Fluo-4 retained in the
cytosol, thus obtaining an F value corresponding to
the Ca®* contained in mitochondria. Free Ca*" signal
was calibrated using 100 mmol/L CaCl, and 1 mmol/L
EGTA to obtain the F;,,, and F,,,;, values, respectively.
The intramitochondrial free Ca®* content was calcu-
lated using the equation:

[Cazﬂ =K4(F - Fmin)/(Fmax -F)

where Ky is the dissociation constant for the Ca®"/
Fluo-4 couple (Kq = 335 nmol/L). Total protein was
determined using the Lowry method with the
remaining sample (10 pL). All data are finally
expressed as Ca”* per mg of sample.

IN VITRO MITOCHONDRIAL Ca?* RETENTION
CAPACITY (CRC) AND Ca2?" INFLUX RATE. Mito-
chondrial CRC was performed as previously
described,?® which is a measurement used to
approximate how much Ca®" can uptake mitochon-
dria relative to healthy cells levels. Briefly, isolated
mitochondria were incubated in mitochondrial res-
piratory buffer supplemented with 0.3 pmol/L Cal-
cium Green-5N (Life Technologies), 10 mmol/L
succinate, rotenone (10 pg/mL), 200 pmol/L ADP, and
0.25 pg Oligomycin A for 5 minutes. Afterwards,
10 pmol/L of Ca?" aliquots were added every
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3 minutes until the opening of the mitochondrial
permeability transition pore (mPTP) as manifested by
the massive release of Ca®>" from the mitochondrial
matrix. This is observed by the increased fluorescence
of Ca®?" green-5N in the extramitochondrial milieu,
and represents the susceptibility of mPTP opening
induced by intramitochondrial Ca2?". This fluores-
cence was recorded in a Synergy HT microplate reader
at 488 nm excitation and emission of 528 nm.

Additionally, CRC was assessed in permeabilized
Hoc2 cells. Briefly, 1 x 10® H9c2 cells were harvested
and resuspended 2 times in calcium-free Tyrode
buffer. Cells were then resuspended in cell respira-
tory buffer (in mmol/L: 150 sucrose, 5 KCI, 20 Tris-
HCl, 2 KH2PO4; pH 7.3) supplemented with
40 pmol/L digitonin, 2 ug/mL rotenone, 12.5 mmol/L
succinate, 10 umol/L EGTA, and 1 pmol/L Calcium
Green-5N. After stabilization, 10 pmol/L of Ca*>* pul-
ses were added, and fluorescence was recorded at
488 nm excitation and 528 nm emission.

To determine Ca®" influx rate in digitonin-
permeabilized cells (H9c2 cell line) or car-
diomyocytes, 1 x 10° cells were resuspended in cell
respiratory buffer supplemented with 0.3 pmol/L
Calcium Green-5N (Life Technologies), rotenone
(10 pg/ml), and 1 pmol/L cyclosporin A (CSA) to reduce
the chance of mPTP opening during the experiment.
After fluorescence stabilization, a single 40 pmol/L of
Ca’" bolus was added as an extramitochondrial high
free-Ca®" reference, then 12.5 mmol/L succinate was
added to energize mitochondria, promote a full AUm,
and Ca?" influx. Fluorescence was recorded at 488 nm
excitation and 528 nm emission in a Synergy HT
microplate reader.

Mitochondrial Ca®" influx rate was assessed using
the derivative of a second-order polynomial regres-
sion adjusted to the fluorescence signal decay.

RNA EXTRACTION AND REAL-TIME PCR ANALYSIS.
Total RNA from heart ventricles was extracted using
TRIzolReagent (15596026, Invitrogen). Sample purity
was evaluated by 260/280 nm absorbance ratio. Sen-
siFAST cDNA Synthesis Kit (BIO-65053, Bioline) was
used to reverse-transcribe cDNA from 1 pg of total
RNA, and qPCR reaction was performed using Sensi-
FAST SYBR Lo-ROX Kit (BIO-94020, Bioline) in a
Quant-Studio 3 RT PCR System (ThermoFisher Sci-
entific). The 2722¢t method was used to estimate
mRNA expression from each gene.>> T4 Oligo
(Mexico) synthesized primers (Supplemental Table 1).

PROTEIN PURIFICATION AND WESTERN BLOT
ANALYSIS. Cardiac tissue was lysed in radio-
immunoprecipitation assay buffer, which contained
50 mmol/L Tris (pH 7.5), 5 mmol/L EDTA, 150 mmol/L
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NacCl, 1% Triton X-100, 0.1% sodium dodecyl sulfate,
10 mmol/L sodium fluoride, and 0.5% sodium deox-
ycholate. Phosphatase and protease inhibitor cock-
tails (Roche) were supplemented to prevent protein
degradation. The lysates were subjected to 3 freeze-
thaw cycles. Following this, the homogenate was
centrifuged at 2,000 rpm for 10 minutes at 4 °C to
recover the protein, which was then quantified using
the Lowry method, with BSA as the standard. All
protein extracts were stored at —80 °C until further
analysis. Proteins were separated using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto a polyvinyl difluoride mem-
brane. The membrane was incubated overnight at 4
°C with a primary antibody (phospho-NF-kB p65/NF-
kB p65, Santa Cruz) on a rotating table. After the in-
cubation, the membrane was washed 3 times for
10 minutes each with PBS containing 0.5% Tween 20.
Next, a horseradish peroxidase-conjugated secondary
antibody was applied for 2 hours at 25 °C. After
another series of washes (3 times for 10 minutes each
with PBS 0.5% Tween 20), the chemiluminescence
signal was detected using an EC detection reagent
(Thermo Fisher) and captured with the BioSpectrum
415 Image Acquisition System (UVP). The chem-
iluminescence data were analyzed using ImageJ
software version 1.50a.

DOCKING STUDIES AND MOLECULAR DYNAMICS
SIMULATIONS. To complement and strengthen
in vitro experiments, in silico-guided docking and
molecular dynamics (MD) simulations were performed
for predicting potential interactions of cannabidiol
and rosiglitazone (RGZ) with PPAR-y. First, ethanol
solvent sites were identified via the MDMix method>>
using the crystal structure of human PPAR-y com-
plexed with RGZ (PDB ID:5ycp), from which RGZ was
removed to expose the ligand-binding pocket. Guided
docking of cannabidiol was directed toward residues
L330, 1341, and L255 within the ligand-binding pocket
using rDock. Previous preparation of the protein
encompassed modeling missing residues with Mod-
eller version 10.4>* and protonation at physiological
PH 7.4 with the aid of PDBfixer.>> MD simulations were
conducted using the AMBER 22 package in combina-
tion with the FF19SB force field.?®37 Relative binding
free energy was calculated by the Molecular
Mechanics/Generalized-Born Surface Area (MM/GBSA)
method*® applied over 1,000 frames from the last 50 ns
of the MD simulations. Further details including
detailed parameters and used packages are presented
in the Supplemental Appendix.
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STATISTICAL ANALYSIS. Statistical data are pre-
sented as mean + SEM (SEM) of at least 3 independent
experiments. Comparisons between groups were
made by unpaired Student’s t-test, while >2 groups
were compared using 1- or 2-way analysis of variance
followed by Tukey’s post-hoc test for multiple pair-
wise comparisons. Non-normally distributed data
were compared using Kruskal-Wallis test followed by
Dunn’s post hoc test. A P value <0.05 was considered
statistically significant. Data processing, graphs, and
statistical analysis were performed with GraphPad
Prism (version 8).

RESULTS

CANNABIDIOL PREVENTS CARDIAC PATHOLOGICAL
STRUCTURAL CHANGES IN MICE WITH HF. To assess
the effects of cannabidiol in vivo, we employed a 2-hit
HF mouse model using L-NAME and ANGII adminis-
tration, and after progression for 28 days, cardiac
remodeling was confirmed (Figure 1). All further mice-
related experiments were performed at the endpoint
of 28 days of the HF mouse model. The structural
effects of cannabidiol on the HF heart were evaluated
by administering it at a dose rate of 0.1, 1, or 10 mg/kg
every third day. Representative slides of Mason’s
trichrome and H & E showed an inverse relationship
between cardiac fibrosis and the myocyte area with
increasing cannabidiol dose (Figure 1A). Indeed, the
heart-to-body weight ratio was reduced proportional
to the cannabidiol dose (Figure 1B) (P [vs 0]
= <0.001, <0.001, and <0.001 for 0.1, 1, and 10 pmol/
L), with similar results in both myocyte
area (Figure 1C) (P [vs 0] = <0.001 and 0.002 for 1
and 10 pmol/L) and cardiac fibrosis (Figure 1D)
(P [vs 0] = <0.014, <0.001, and <0.001 for 0.1, 1, and
10 pmol/L), preventing structural remodeling and hy-
pertrophy. Notably, administration of cannabidiol to
healthy mice did not result in structural changes
(Supplemental Figures 2A and 2C), in agreement with
previous studies.” Cannabidiol exhibited a dose-
dependent effect in preventing cardiac remodeling
and inflammation. Considering that the most effective
cannabidiol dose was 1 mg/kg, this concentration was
selected for further animal studies.

CANNABIDIOL PRESERVES HEART FUNCTION IN HF
MICE. To investigate the protective effect of canna-
bidiol in HF, cardiac function was assessed using PV
loop measurements. This approach enabled the
evaluation of key hemodynamic parameters and
revealed how cannabidiol mitigates HF-induced
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FIGURE 1 Antifibrotic and Antihypertrophic Effects of CBD in the Heart of Mice With HF
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(A) Representative micrographs of cardiac tissue as a function of cannadibiol (CBD) dosage (in mg/kg): Masson's Trichrome stain to visualize fibrotic changes in upper
row, 1.25x, and middle row 10x; hematoxylin and eosin stain for cardiac myocyte area assessment is presented in the bottom row, 10x. Quantification of dose-
dependent effect of CBD in: (B) heart/body weight, normalized to control group (dotted line); (C) myocyte area; and (D) fibrotic index. The scale bars in representative
micrographs correspond to 100 um. Data are presented as mean £ SEM; n = 4-20; analyzed by 1-way analysis of variance test with post hoc Tukey multiple com-
parisons test. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with O mg/kg of CBD. CBD = cannabidiol; CTRL = control; HF = heart failure.

cardiac dysfunction. Representative images of the PV
loops during inferior vena cava occlusion are reported
in Figure 2A, where the first loop from right to left
represents the steady state. We observed a profound
impairment in the HF group in heart steady-state
hemodynamic parameters, with statistically associ-
ated reductions in stroke volume (SV) and ejection
fraction (EF), a reduction in cardiac output (CO),
induced by the increment of the end-systolic pres-
sure-volume relationship (ESPVR), and an end-
diastolic pressure-volume relationship (EDPVR)

(Figures 2B to 2F) (SV: P < 0.001; EF: P < 0.001; CO:
P < 0.001; ESPVR: P = 0.001; EDPVR: P = 0.007), as
well as diastolic, systolic, and mean blood pressures
(Figures 2G to 2I) (diastolic pressure: P = 0.047; sys-
tolic pressure: P = 0.024; mean pressure: P = 0.029).
Importantly, treatment with cannabidiol was able to
offer protection from HF deleterious effect on steady-
state parameters (Figures 2A to 2D) (EF:
P =0.002; CO: P = 0.007; SV: P = 0.040), where EF in
the HF + CBD group was not statistically different to
the control group.



808

Garcia-Rivas et al

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 10, NO. 6, 2025
JUNE 2025:800-821

Cannabidiol Preserves Mitochondrial Function and Ca®* Handling in HF

FIGURE 2 CBD Protects Against Cardiac Dysfunction in Mice With HF
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(A) Representative images of pressure-volume loop recordings with preload impediment by transiently occluding the inferior vena cava, of
vehicle (CTRL), HF, or HF + CBD infusion for 28 days, and the end-diastolic pressure-volume relationship (EDPVR) slope and end-systolic
pressure-volume relationship (ESPVR) slope originated (black lines), respectively. First loop represents steady-state loop. Hemodynamic
parameters determined from steady-state pressure-volume loop analysis: (B) stroke volume; (C) ejection fraction; (D) cardiac output; (E)
ESPVR; and (F) EDPVR slope values for each group. Pooled data of: (G) diastolic, (H) systolic, and (1) mean blood pressure in CTRL, HF, and
HF + CBD mice groups. The group of HF + CBD was treated with 1 mg/kg of CBD. Data are presented as mean + SEM; n = 5-6; dots represent
individual values; analyzed by 1-way analysis of variance test with post hoc Tukey multiple comparisons test; *P < 0.05, **P < 0.01, and
***p < 0.001 compared with CTRL, tP < 0.05, 1P < 0.01, t1tP < 0.001 compared with HF. Abbreviations as in Figure 1.
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FIGURE 3 The Remodeling, Inmunomodulatory, and Antiapoptotic Effect of Cannabidiol in Heart Tissue of Mice With HF

C
. 61 * % %
) .
[N ] g ¢
£ 4
:$° 3 o
L
oy og: T 4+ I
i 3 o |eg |
B G A ] R
0
[] cre
E [ wF
* 6. ] HF+cBD *% Tt
LX) 7
o0 ’0.? e
S :
. o 8 44 *
(] [&] L]
b ;. ke o R
1T H @ 4 L
0o S 2- . .
'.: = ®ees®e oo
o ®eoe
) o
0 Eo'oa ! 24

D 81 E 31
%k %k %
> . )
o 6 . =4
G Tt 29
'8 L4 oo o :
%4- . % )
L b i “\-‘*1_ °o_oo
g2 e tee 2 | Fgd
PPy . = .::c
e |3 R |
. H
0 0

in Figure 1.

Gene expression of cardiac remodeling markers: (A) BNP (Nppb gene), (B) TGF-B (Tgfb1 gene), and (C) Colla (Collal gene), normalized to
control group (dotted line). GAPDH was used as housekeeper gene. Gene expression of cytokines in cardiac tissue: (D) IL-6 (/6 gene), (E)
IL-1B (IL7b gene), (F) IL-10 (IL10 gene). The group of HF + CBD was treated with 1 mg/kg of CBD. Data are presented as mean + SEM; n = 3-20;
dots represent individual values; analyzed by 1-way analysis of variance test with post hoc Tukey multiple comparisons test.

*P < 0.05, **P < 0.01, and ***P < 0.001 compared with CTRL. tP < 0.05, t1P < 0.01, t11P < 0.001 compared with HF. Abbreviations as

In accordance with these data, cannabidiol was
able to counteract systolic dysfunction induced by HF
after inferior vena cava occlusion (Figure 2E) (ESPVR:
P < 0.001). ESPVR slope analysis showed that HF
induced systolic dysfunction by acting likely through
ANGII, a negative inotropic agent that reduces
contractility or systolic performance, as shown by a
slope shifted to the right, with a value reduced
compared with the control group, which was pre-
vented by cannabidiol (Figure 2E), suggesting that
chronic HF-induced systolic dysfunction may
implicate a deleterious effect on the molecular
mechanisms responsible for cardiomyocyte stimulus-
contraction coupling and that cannabidiol could be
acting at that level to prevent cellular dysfunction.
Moreover, the diastolic function EDPVR slope anal-
ysis showed that HF increased ventricular compliance
(stiffness), which was partially prevented by canna-
bidiol (Figure 2F), without statistical significance.
This indicates that with HF-induced chronic systolic
dysfunction, the EDPVR shifts as the ventricle re-
sponds to anatomic tissue remodeling, thus
increasing ventricular compliance. Nevertheless,

diastolic, systolic, and mean pressure did not vary
between the HF and HF+CBD groups (Figures 2G to 2I).
In addition, cannabidiol did not elicit any cardiac
function changes when administered to healthy mice
(Supplemental Figures 2B and 2D). Altogether, these
results demonstrate the potential therapeutic effect of
cannabidiol in preventing the deleterious effect of HF
cardiac performance, with possible implications of a
protective effect at the level of the molecular mecha-
nisms of stimulus-contraction coupling and/or tissue
remodeling signaling.

CANNABIDIOL BLOCKS REMODELING, INFLAMMATION,
AND APOPTOSIS IN MICE WITH HF. To examine the
impact of cannabidiol on cardiac remodeling,
inflammation, and apoptosis in HF, molecular
markers were assessed. This analysis aimed to
determine how it may block pathological changes in
tissue structure, inflammatory cytokine release, and
cell death, thus potentially offering protection
against HF-induced cardiac damage. Cardiac struc-
tural changes were consistent with B-type natriuretic
peptide (BNP) reduction, a marker determining the
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severity of hemodynamic dysfunction/cardiac
failing, presenting a statistically associated increase
in HF (Figure 3A) (P < 0.001), which was halted with
cannabidiol administration. In addition, tissue
growth factor beta (TGF-B) showed a tendency to
increase in HF and diminish with cannabidiol
administration (Figure 3B), albeit not statistically
associated. Furthermore, extracellular matrix depo-
sition showed a similar outcome, as cannabidiol
treatment prevented collagen type 1a (Colia) over-
expression in HF (Figure 3C) (P = 0.007). Healthy
mice administered with cannabidiol did not result
in statistically associated molecular marker changes
(Supplemental Figure 2E).

Besides cardiac remodeling, HF is also character-
ized by an inflammatory process that includes the
increased release of proinflammatory cytokines.>®
The effects of cannabidiol on the inflammatory
response and apoptosis were assessed in the animal
model caused by the observed antifibrotic and anti-
hypertrophic effects. Mice with HF showed inflam-
mation in the heart statistically associated with
increases of proinflammatory cytokines including
IL-6, and -1f levels, with a statistically not associated
decrease in the anti-inflammatory cytokine IL-10
(Figures 3D to 3F), in agreement with previous re-
ports.”> Cannabidiol treatment managed to prevent
this phenomenon by preventing increase of cytokines
IL-6 and -1B, while importantly increasing IL-10
expression (Figures 3D to 3F) (Il6: P = 0.003; Ilib:
P =0.048;1110: P < 0.001). No changes were observed
with TNF-a expression (data not shown). No statisti-
cally associated cytokines were observed in healthy
mice administered cannabidiol (Supplemental
Figure 2F).

CANNABIDIOL AVERTS CELLULAR ENERGETICS
FAILURE. To examine the effects of cannabidiol on
cellular energetics in HF, the mitochondrial function
and oxidative stress markers in cardiac myocytes
were assessed. By evaluating parameters such as
mitochondrial membrane potential (A¥m) and res-
piratory control, the aim was to determine how can-
nabidiol mitigates HF-induced energy production
failure and preserves antioxidant capacity, prevent-
ing cellular bioenergetic dysfunction. The cardiac
function, represented by ECC coupling, involves high
energy-dependent mechanisms, such as cellular
relaxation and intracellular Ca®?" uptake, in which
proper mitochondrial function is paramount to
maintain ATP production and sustain this process.
The HF model exhibited compromised mitochondrial
function, as the A¥m, the electrochemical force to
synthesize ATP, was decreased in myocytes isolated
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from the HF group compared with those isolated from
the control group (Figures 4A and 4B) (P = 0.046),
possibly compromising ATP production. However, in
the HF + CBD group, the decrease in A¥Um was not
statistically different from the control group
(Figures 4A and 4B). To better explain the loss of AUm
in HF cardiac mitochondria, the respiratory function
of mitochondria in isolated organelles was analyzed.
A marked reduction of the respiratory control (RC)
was observed (Figure 5C) (P = 0.002), but there was a
statistically not associated decrease in oxidative
phosphorylation (Figure 5D). These alterations were
concomitant to a statistically associated increase in
the MCU gene expression (Figure 5E) (P = 0.005),
along with an increase in the intramitochondrial Ca**
transport and CRC (Figures 5F and 5G) (P = 0.002 and
0.005, respectively). None of these parameters
showed a statistically associated change between the
HF + CBD group and the control group (Figures 5C to
5G). Cardiac myocyte cellular stress increased in the
HF group, as shown by a decreased GSH/GSSG ratio
(Figure 5H) (P = 0.005) and augmented protein
carbonylation (Figure 51) (P = 0.010). Cannabidiol
administration to the HF group resulted in statisti-
cally not associated reduction of oxidative stress,
partially mitigating the changes of the GSH/GSSG ra-
tio (Figure 5H) and protein carbonylation (Figure 5I).
In addition, phosphorylated NF-kf had a statistically
associated increase (Figure 5J) (P = 0.019).

HF caused an increase in cellular death, as shown
by statistically associated higher levels of executioner
caspases 3/7 as well as higher apoptosis (Figures 3K
and 3L). These results suggest that HF cardiac myo-
cytes are affected by mitochondrial dysfunction and
dysregulation of the antioxidant capacity of the cell;
however, the cannabidiol administration (HF + CBD
group) can prevent these changes. Healthy
mice treated with cannabidiol did not show statisti-
cally associated changes to cardiomyocytes’ bio-
energetic and oxidative status (Supplemental
Figures 3C and 3F to 3H).

CANNABIDIOL MAINTAINS EXCITATION-CONTRACTION-
ENERGETIC COUPLING IN MICE WITH HF. To investigate
how cannabidiol preserves excitation-contraction-
energetic coupling in HF, cardiac myocytes were
isolated to evaluate intracellular Ca®* dynamics and
cell contraction (Figure 5A). This approach allowed
the assessment of the ability of cannabidiol to pre-
vent HF-induced impairments in cellular contractility
and Ca®" handling, offering insights into its protec-
tive effects on heart function at the cellular level. The
HF group showed compromised cellular contractility
with a decrease in maximal shortening (Figure 5B)
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FIGURE 4 CBD Prevents Mitochondrial Dysfunction and Oxidative Stress Increase in Cardiomyocytes and Cardiac Tissue
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(A) Representative images of A¥m, and (B) its quantification from isolated LV myocytes. From cardiomyocyte-isolated mitochondria: (C) respiratory control, (D) state 3
(phosphorylating respiration). From cardiomyocytes: (E) mitochondrial calcium uniporter (MCU) expression, (F) Mitochondrial Ca®* transport rate, (G) Ca®* retention
capacity (CRC). From heart homogenates: (H) total protein carbonylation, and (I) reduced glutathione (GSH) and oxidized glutathione (GSSG) ratio (GSH/GSSG ratio),
(J) ratio of phosphorylated NFkp to NFkf protein expression, (K) caspase 3/7 activity assay, (L) terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end
labeling (TUNEL) assay. The group of HF+CBD was treated with 1 mg/kg of CBD. Data are presented as mean + SEM; n = 4-11; dots represent individual animals.
Data of (B, D-L) were normalized to their control group; analyzed by 1-way analysis of variance test with post hoc Tukey multiple comparisons test. *P < 0.05,

**P < 0.01, and ***P < 0.001 compared with CTRL. P < 0.05, t1P < 0.01 compared with HF. Abbreviations as in Figure 1.
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FIGURE 5 CBD Improves Cardiomyocyte Cellular Contractility and Ca?* Handling in Mice With HF
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with HF. Abbreviations as in Figure 1.
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(P < 0.001), an increase in both phases of the
contraction-relaxation cycle, TTPS (Figure 5C)
(P = 0.012), and more importantly, TTHR (Figure 5D)
(P < 0.001). The cannabidiol-treated HF group,
compared with the HF group, did not show statisti-
cally associated changes in the maximum contrac-
tility and did not statistically decrease TTPS or TTHR
(Figures 5B to 5D). Correspondingly, the HF group
showed altered intracellular Ca?" dynamics,
decreasing transient amplitude and increasing Tsoo,
compared with the control group, whereas cannabi-
diol treatment partially prevented both changes
(Figures 5F and 5G) (amplitude: P = <0.001, <0.001,
and 0.002 at 0.5, 1, and 2 Hz; Tsey: P = <0.001 and
0.002 at 0.5 and 1 Hz). The time to peak was statis-
tically associated with an increase in the HF group
compared with the control group, and treatment with
cannabidiol did not result in statistically associated
differences to the HF group (Figure 5H). Because
cytosolic Ca?" removal determines cellular relaxation,
further examination of transient decay was per-
formed. The HF group showed a statistically associ-
ated increase of Ca®' recapture rate (1), which was
partially reversed by cannabidiol (Figure 5J) (P <
0.001). Thus, the results indicate improved cell
contraction and intracellular Ca®>* handling with
cannabidiol administration in the HF model. To
further explore the effects of cannabidiol on HF and
cardiac myocyte Ca®' handling, basal Ca®*" dynamics
were evaluated through Ca?" sparks production
(Figure 5K). The HF group showed statistically asso-
ciated hyperactivity of the ryanodine receptors (RyR),
because spark frequency was increased in comparison
to the control group,*® while the HF + CBD group
prevented such increase (P < 0.001), keeping it
without statistical difference to the control group
(Figure 5L). Spark amplitude did not change between
groups, which might indicate a lack of change in re-
ticulum sarcoplasmic Ca®* content between groups.*!
The cardiomyocyte function from healthy mice
administered with cannabidiol was not statistically
different (Supplemental Figures 3A, 3B, 3D, and 3E).
These results suggest that in addition to cardiac
contractility, HF modulates Ca®>* handling; however,
cannabidiol partially prevents such effects.

CANNABIDIOL-INDUCED ANTIHYPERTROPHIC EFFECTS
ARE PARTIALLY MEDIATED BY THE PPAR-y PATHWAY
AND PRESERVATION OF MITOCHONDRIAL FUNCTION.
To investigate the potential pathways involved in the
cardioprotective effects of cannabidiol, ventricular
cardiomyoblasts (H9c2 cell line) were treated with
ANGII to induce hypertrophy (Supplemental
Figures 4A to 4N). This study aimed to determine
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how cannabidiol prevents hypertrophy and mito-
chondrial dysfunction, focusing on the role of the
PPAR-y pathway and its impact on mitochondrial
oxidative stress and Ca®>* overload. As observed in the
animal model, ANGII increased mitochondrial reac-
tive oxygen species (mROS), consequently reducing
A¥m and oxidative phosphorylation capacity. Mito-
chondrial Ca®" content ([Ca®'],) was increased, as
well as [Ca®?'], uptake rate and MCU expression, with
a concomitant increase in mitochondrial fragility. By
contrast, cannabidiol administration prevented hy-
pertrophy and pathological remodeling in a dose-
dependent manner, with doses ranging from 0.001
up to 1 umol/L, (Supplemental Figures 4A and 4B)
(P [vs 0] = 0.79, 0.007, 0.005, and 0.012 for 0.001,
0.01, 0.1, and 1 pmol/L, respectively), resulting in
surface area on par with control cells at the highest
doses. Gene expression of remodeling markers BNP,
TGFp, and Colia were exacerbated in hypertrophied
cells, and cannabidiol administration reduced these
remodeling markers in a dose-dependent manner
(Supplemental Figures 4C to 4E) (Npbp: P [vs
0] = 0.87, 0.006, 0.004, and <0.001 for 0.001, 0.01,
0.1, and 1 pmol/L, respectively; Tgfbi: P [vs 0] = 0.11,
0.003, 0.004, and 0.003 for 0.001, 0.01, 0.1, and
1 umol/L, respectively; Colia: P [vs 0] = 0.93, 0.019,
0.006, and 0.004 for 0.001, 0.01, 0.1, and 1 pmol/L,
respectively), reaching levels similar to those of the
control cells at the highest doses, in agreement with
the data observed in cardiomyocytes. Cannabidiol also
reduced dose-dependent mROS overproduction in
hypertrophied cells (Supplemental Figures 4F and 4G)
(P [vs 0] = 0.083, 0.052, 0.039, and 0.020 for 0.001,
0.01, 0.1, and 1, respectively, for Supplemental
Figure 4G). In addition, ANGII was statistically asso-
ciated with reductions to AWm, RC, and oxidative
phosphorylation (Supplemental Figures 4H to 47J).
These bioenergetic changes were statistically associ-
ated with an increase in MCU gene expression, mito-
chondrial Ca?* (mCa®") transport rate, reduced CRC,
and an overall increase in [Ca®*"];, (Supplemental
Figures 4K to 4N). Administration of cannabidiol
(ANGII + CBD group) resulted in statistically not
different outcomes in these bioenergetic and Ca®"-
related mitochondrial gene and dynamics, except for a
statistically associated partial prevention in loss of
Oxphos (Supplemental Figure 4J). The results suggest
that in this cellular model, the antihypertrophic effect
of cannabidiol is linked to the reduction of mitochon-
drial oxidative stress, which is modulated by the
mitochondrial Ca®>" overload.

Even if cannabidiol has shown low affinity for the
cannabinoid CB1 and CB2 receptors,*” evidence
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FIGURE 6 Activation of PPAR-y Mimics the Anti-Inflammatory and Antiremodeling Effects of CBD in Hypertrophic H9c2 Cells, and CBD

Interacts Similarly to Other Agonists With PPAR-y
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(A) Cell surface area. (B) BNP (Nppb gene). (C) Respiratory control. (D) Mitochondrial Ca?* content [Ca?*],,. The groups of angiotensin II
(ANGII) + CBD and ANGII + CBD + GW9662 (GW) in A-D were treated with 0.01 umol/L of CBD. Data are presented as mean & SEM; n = 5-6;
dots represent individual values; analyzed by 1-way analysis of variance test with post hoc Tukey multiple comparisons test. tP < 0.05,
1tP < 0.01, and t11P < 0.001 compared with ANGII. P < 0.001 compared with ANG+CBD, P < 0.01 compared with ANGII + CBD + GW.
(E) Crystallographic structure of peroxisome proliferator-activated receptor y (PPAR-y)-GW (PDB ID: 6md1) (left), PPAR-y-rosiglitazone
(RGZ) (PDB ID: 5ycp) (middle), and the predicted docking pose of CBD bound to PPAR-v (right). Abbreviations as in Figure 1.

suggests that cannabidiol interacts at low concentra-
tions with CB1 either as an antagonist*® or a negative
allosteric modulator of CB1,** and with CB2 as a par-
tial agonist.*>*® In this regard, under hypertrophy
conditions, Rimonabant (blocker of CB1 receptor) and
SR141 (blocker of CB2 receptor) did not statistically
reduce the antihypertrophic effect of cannabidiol
(Supplemental Figure 5). We also assessed the
contribution of PPAR-y pathways, which have been
proposed molecular targets of cannabidiol.*” GW9662

(GW) was used as an antagonist of PPAR-y, and RGZ
was used as a PPAR-y agonist. Administration of GW
along with cannabidiol under ANGII stimulation
resulted in abolition of the antihypertrophic effect of
cannabidiol (Figure 6A) (P < 0.001), increasing BNP
expression (Figure 6B) (P = 0.001) and Col1A expres-
sion (Supplemental Figure 6A) (P = 0.02) and an in-
crease on protein content (Supplemental Figure 6B)
(P = 0.043). RGZ administration mimicked the can-
nabidiol effects of preventing increased cell surface
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area (Figure 6A) (P < 0.001) and BNP expression
(Figure 6B) (P [vs ANGII] = 0.007). Such changes eli-
cited the question of whether mitochondrial
dysfunction could be prevented through the activa-
tion of PPAR-y. To further elucidate the mitochon-
drial status within these outcomes, the RC and
[Ca®'], were measured, revealing a statistically not
associated tendency for mitochondrial uncoupling
and increased [Ca®'], in the ANGII + CBD + GW
group (Figures 6C and 6D), but a statistically associ-
ated increase in MCU expression (Supplemental
Figure 6C) (P = 0.023), with RZG showing no statis-
tical difference to the effect of CBD in either RC or
[Ca®"],, (Figures 6C and 6D). Healthy cells treated with
CBD, GW, or RZG did not exhibit statistically associ-
ated alterations in either morphology, remodeling,
mitochondrial Ca®" transport, and bioenergetics
(Supplemental Figures 6D to 6H). These changes are
suggestive of the suppression of mCa®" overload in
the ANGII+CBD and ANGII+RGZ groups and its
abrogation by the addition of GW.

CANNABIDIOL MIGHT ACTIVATE PPAR-y BY DIRECT
INTERACTION ON THE CANONICAL LIGAND-BINDING
POCKET. To elucidate the interaction of cannabidiol
with PPAR-y docking and MD studies were conduct-
ed. The interactions between PPAR-y (Supplemental
Figure 7A) and the molecules were performed
(Supplemental Figure 7B, Supplemental Tables 2
and 3). Cannabidiol was docked into the canonical
ligand-binding pocket (residues L330, 1341, and L255)
using guided docking. The obtained docked pose with
PPAR-y revealed that cannabidiol stabilized in the
same orthosteric site as RGZ through nonbonding
interactions of hydrophobic character (Figure 6E,
Supplemental Figure 7C, Supplemental Table 4).
Furthermore, MD simulations at 150 ns reached
equilibrium (root mean square deviation <0.2 nm)
(Supplemental Figure 7D) revealed RGZ and canna-
bidiol ligands ideally buried in the hydrophobic
pocket with PPAR-y and exhibiting similar binding
energies (Supplemental Figure 7E, Supplemental
Table 4). In particular, there were no significant
changes in the RGZ conformation inside the pocket
before or after MD simulations. By contrast, the can-
nabidiol conformation was allocated near the activa-
tion function-2 helix in PPAR-y. These data suggest a
potential interaction between cannabidiol and
PPAR-y.

DISCUSSION

HF physiopathology, marked by contractile dysfunc-
tion, cardiac remodeling, inflammation, and charac-
terized by Ca®" mishandling, is anchored by
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ROS-driven mitochondrial dysfunction through alter-
ations of Ca®* handling, which impairs mitochondrial
excitation-contraction-energetic coupling.”®*® This
knowledge offers an opportunity for therapeutic
development to improve HF management by
addressing such an altered cardiac energetic state.
Here, cannabidiol was demonstrated to protect mito-
chondrial energetic status and ROS production, con-
trolling pathological remodeling and inflammation in
HF. Additionally, in a surrogate model of ventricular
cardiomyoblasts, we determined that PPAR-y
signaling could be involved in cannabidiol car-
dioprotective activity.

THERAPEUTIC USE OF CANNABIDIOL IN HF.
Recently, a growing number of preclinical studies
have stressed the potential of cannabidiol to atten-
uate cardiac dysfunction in the setting of cardiovas-
cular disease. Even acute interventions with low
doses of cannabidiol (50-100 pg/kg) can effectively
limit the size of an ischemic lesion and reduce
arrhythmia associated with myocardial infarction in
rats and rabbits."*'>%° Furthermore, in a chronic
disease scenario, daily applications of cannabidiol
(10-20 mg/kg) prevented and even reverted LV
dysfunction in murine models of autoimmune and
diabetic cardiomyopathy. In these cases, cannabidiol
substantially improved systolic and diastolic perfor-
mance and ameliorated myocardial stiffness
(EDPVR).">?° In the present study, 1 mg/kg of can-
nabidiol delivered every third day for 4 weeks was
determined to be sufficient for counteracting, to a
large extent, the functional decline of the LV in HF
driven by pressure overload. Notably, the degree of
improvement in contractile performance was com-
parable to that reported elsewhere.'®”° Although we
are aware that higher doses of cannabidiol have
been employed before (10-20 mg/kg), we did not
observe any further benefit when a higher dose of
10 mg/kg was used in terms of myocyte hypertrophy
(Figure 1), BNP expression, or Colia deposition (data
not shown). Thus, in this particular context, the
therapeutic effect exerted by cannabidiol appeared
to plateau near the selected dose of 1 mg/kg. In this
regard, it is worth adding that we employed a syn-
thetic formulation of high-purity cannabidiol in the
present study, whereas in previous reports, canna-
bidiol was extracted from hashish.'®*° Apart from
containing other bioactive cannabinoids that may
confound the interpretation of the results,”® the
cannabidiol concentration could be lower and closer
to what we report here. It might also be possible
that the effective dose of cannabidiol is disor-
der-specific.
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CARDIOPROTECTIVE EFFECT OF CANNABIDIOL IN
CARDIAC REMODELING AND INFLAMMATION. To a
great extent, functional improvement can be attrib-
uted to preserving myocardium structural integrity.
In particular, cannabidiol mediates a significant
antifibrotic action, switching off the TGF-f signaling
pathway and thereby limiting collagen and fibro-
nectin deposition within the myocardium.'>*' In
agreement, we found a dose-dependent decrease of
TGF-B and Col1A gene expression, which paralleled a
reduction in the fibrotic index of Masson’s trichrome-
stained ventricular sections and may underlie the
partial recovery of LV compliance. Moreover, because
profibrotic signaling is often secondary to an inflam-
matory response, it is noteworthy that cannabidiol
not only diminished the expression of classically
proinflammatory cytokines but also increased the
anti-inflammatory cytokine IL-10 at the transcrip-
tional level, even above control baseline values.

Regardless of the precise mechanism, a decrease
of proinflammatory cytokines (namely IL-18, IL-6,
TNF-o) concomitant with an increase of IL-10, typi-
cally an anti-inflammatory cytokine, after CBD
administration is a well-documented effect that
has been reported in systemic as well as in local
inflammation in animal models.>>>® In particular, a
broad anti-inflammatory effect in the heart has
been observed before in preclinical models of auto-
immune and methamphetamine-induced myocarditis,
although the molecular pathways implicated remain
elusive.?®>* Such an anti-inflammatory effect of can-
nabidiol in the heart has been formerly ascribed to a
reduction in mononuclear infiltration'*>*° and the local
inhibition of NF-kf signaling.'”'® In turn, reduced
inflammation may result from cannabidiol’s potent
redox balance modulation, which encompasses a
direct interaction with reactive species and metal ions
and the activation of the endogenous antioxidant
systems in the cell.>®

CANNABIDIOL, MITOCHONDRIAL BIOENERGETICS,
AND THE REDOX SYSTEM. Indeed, a recurrent
finding in a wide range of cardiovascular disease
models is that cannabidiol reduces oxidative and
nitrosative stress within the myocardium.'”2°:° In
accordance, we observed that in HF, cannabidiol
mitigated oxidative stress, measured as protein
carbonyl content, and improved the GSH/GSSG ratio
in cardiac tissue. Although we cannot rule out the
contribution of cannabidiol over iNOS or NADPH
oxidase, our data suggest that cannabidiol mainly
acts by curbing ROS of mitochondrial origin
(Supplemental Figure 4). We want to emphasize that,
in line with a previous report indicating that the
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administration of cannabidiol did not exert anti-
hypertensive activity,*®
did not influence the blood pressure of HF animals in

we found that cannabidiol

the current study (Figures 2G to Gl). Therefore, our
findings cannot be explained in terms of relieved
pressure overload but perhaps by direct interaction of
cannabidiol with a molecular target in the car-
diomyocyte, namely, the PPAR-y nuclear receptor.

Alternatively, it has been claimed that cannabidiol
directly interacts with proteins in the mitochondrial
membranes.'”" Indeed, the extensively documented
neuroprotective effect of cannabidiol has been
partially attributed to the improvement of mitochon-
drial bioenergetics, which favors cell survival.”’>°
Similarly, cannabidiol boosted mitochondrial biogen-
esis in the myocardium and enhanced the activity of
respiratory complexes, limiting the cell death associ-
ated with doxorubicin chemotherapy.'® Intriguingly,
in hippocampal neurons, cannabidiol worked as a
protector against several insults, presumably by
lowering mCa®" and thereby preventing the opening of
the mPTP.""*

EFFECTS OF CANNABIDIOL ON OXIDATIVE STRESS
AND mca?*, Cardiac relaxation is a cellular process
highly dependent on an adequate mitochondrial ATP
supply.® In this sense, mitochondrial dysfunction
appears when mCa®" transport is stimulated
(Figure 4F, Supplemental Figure 4L), which can lead
to mCa®" overload and mPTP opening,®® as seen in
the HF group in this study (Figure 4G, Supplemental
Figure 4M and 4N). Such increased access of Ca*"
into the mitochondria is consistent with an increase
of the MCU expression in both HF cardiomyocytes
(Figure 4E) and hypertrophied H9c2 cells
(Supplemental Figure 4K), and has been previously
reported in heart failure models and patient sam-
ples.® Consequently, mROS leaking out of the mito-
chondria and into the cytosol has numerous effects. It
can initiate a signaling cascade by oxidizing the
inhibiting proteins of NF-kf, as previously
described,®' promoting inflammation (Figure 3). It can
also reach nearby structures and alter protein func-
tion, such as RyR.®? The oxidant environment pre-
vailing in the failing cardiomyocyte seems to promote
both phosphorylation and oxidation of RyR2°® and
calmodulin,®* which translates into RyR2 leakiness
and consequent contractile impairment and increased
susceptibility to arrhythmia. We could attribute the
effects of cannabidiol over SR Ca®" release, at least in
part, to the strong antioxidant properties of canna-
bidiol, which could have ameliorated the redox state
of the RyR2 making it less prone to spontaneous
diastolic openings, which we did observe as a
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reduction in spark frequency (Figure 5K and 5L).
Moreover, cannabidiol appeared to have improved
Ca?" reuptake during the decaying phase of the
Ca®" transient (Figure 5G). Again, we could conjecture
that this is a consequence of the powerful nonspecific
antioxidant effects of cannabidiol over SERCA2a,
which activity is known to be deeply affected in
oxidant conditions.®® Another possible target of
mROS-induced oxidation is sarcoendoplasmic retic-
ulum calcium ATPase, which reduces its activity and
increases the time needed to recapture the Ca’>* every
beat,®® as evidenced by a greater T50 and 1 (Figure 5).
These targets not only cause more inefficient Ca**
handling, but may also contribute to worsening the
mCa®* overload and initiating a vicious cycle.®°
Notably, mCa®" overload has been linked to the
development of hypertrophy®” and remodeling.*®
Preventing mitochondrial Ca®>" overload or mROS
production has proven effective in reducing cardiac
hypertrophy and pathological remodeling.*9-68:59

Here, we demonstrated that cannabidiol adminis-
tration has a similar effect as an inhibitor of mito-
chondrial Ca®* transport, as it reduces mitochondrial
Ca’' overload and mROS production and prevents
NF-kp activation and inflammation. The exact mech-
anism of action of cannabidiol has yet to be deter-
mined. Initially, this was proposed to occur through a
CB1 antagonist effect, although the idea was later
dismissed.'* In this regard, eg, in a lymphoblastic
leukemia cell line that is highly sensitive to canna-
bidiol treatment, its effect does not depend on CB1/2
receptors or plasma membrane Ca®"-permeable
channels. Instead, cannabidiol directly targets mito-
chondria and alters their capacity to handle Ca®*,
modifying mitochondrial Ca®* overload and reducing
mPTP formation.'® Another possibility is the inhibi-
tion of the cannabinoid receptor GPR55,”° which has
been demonstrated to be relevant in cardiac tissue, as
it may contribute to myocardial ischemia/reperfusion
injury”’ and may regulate Ca®" release in neonatal
cardiomyocytes.”” However, conflicting evidence ex-
ists regarding this; eg, knockout mice lacking GPR55
develop ventricular remodeling, systolic dysfunction,
and a reduced contractile reserve.”® In the context of
myocardial infarction, GPR55 knockout mice devel-
oped worse LV dilation and a more extensive infarct
area.”* Nonetheless, this pathway cannot be
completely defined, and more studies are needed to
determine the role of GPR55 in cardiovascular dis-
eases and its therapeutic potential with cannabidiol
inhibition.
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ACTIVATION OF PPAR-y BY CANNABIDIOL. Another
signaling pathway proposed for cannabidiol is the
activation of PPAR-vy.”> Following previously reported
data, inhibiting PPAR-y with GW prevents the pro-
tection conferred by cannabidiol administration
(Figures 6A to 6D), including increases in cellular
remodeling and MCU expression (Supplemental
Figures 6A and 6C). These findings are further sup-
ported by docking and molecular dynamics studies in
which cannabidiol is demonstrated to have a poten-
tial interaction with PPAR-y (Figure 6E).

Finally, to integrate a more detailed explanation of
the possible mechanisms through which CBD pre-
serves bioenergetics and relieve oxidative stress, we
looked into the results of MCU expression and PPAR-y
modulation on hypertrophied H9c2 cells. That is
because an increased MCU expression can easily
explain the increased Ca®" content and thus the
observed increased oxidative stress.*® First of all, and
to our surprise, CBD preserved MCU expression
similar to control levels (Figure 4E). Next, because
PPAR-vy is thought to drive the cellular pathway of
CBD, we sought to elucidate whether the effect of
CBD on MCU expression was caused by this receptor.
A known PPAR-y agonist, RGZ, was used as an acti-
vator of PPAR-y. Interestingly, RGZ had the same ef-
fect in ANGII-treated cells, preventing cellular
hypertrophy, while using GW9662, a PPAR-y antago-
nist, abolished the protective effect of CBD
(Figures 6A and 6B, Supplemental Figure 6C). Because
augmented MCU activity, with a consequential
mitochondrial Ca®" overload, is reported to drive an
increase in mitochondrial ROS production with sub-
sequent mitochondrial dysfunction, we infer that
mitochondrial preservation and the reduced oxida-
tive stress seen with CBD treatment is at least
partially caused by a modulated MCU expression by
CBD through PPAR-y activation, which protects the
mitochondria against Ca®" overload. These experi-
ments suggest that the effects of cannabidiol
observed in the studied HF model are at least partially
caused by the activation of the PPAR-y signaling
pathway. In all, these results have inspired a trans-
lational effort, as reflected by the development
of clinical trials aiming to assess the potential
of cannabidiol in HF and cardiac dysfunction
(NCT04615949, NCT05494788, NCTo05180240,
NCT06708299). Finally, Figure 7 presents the sum-
mary of the findings in this study.

STUDY LIMITATIONS. Our data support that canna-
bidiol exerts cardioprotection in the HF mouse model
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FIGURE 7 Proposed Mechanism of CBD Antihypertrophic Effect
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ANGlII induces pathological remodeling and decreases cardiac performance, leading to hypertrophy, cardiac fibrosis, increased reactive oxygen species (ROS) pro-
duction, mitochondrial dysfunction, and elevated proinflammatory and prohypertrophic factors and biomarkers in an HF with reduced ejection fraction model (effects
represented by red arrows). In contrast, cannabidiol (CBD), depicted by green arrows, demonstrates cardioprotective effects by attenuating cardiac fibrosis, enhancing
sarcoplasmic reticulum Ca?* uptake, maintaining mitochondrial function, and preserving redox balance. Additionally, in vitro studies showed that CBD activates the

PPARY pathway, reducing the expression of remodeling biomarkers and MCU. mPTP = mitochondrial permeability transition pore; other abbreviations as in Figures 1,
4, and 6.
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by limiting fibrosis and hypertrophy while sustaining
ejection fraction and cardiac output. This was
possible because of preservation of cardiomyocyte
cell shortening, sarcoplasmic reticulum Ca®" uptake,
mitochondrial function, and redox balance. In addi-
tion, analysis of cannabidiol effects on an ANGII hy-
pertrophy model in ventricular cardiac myoblast
suggests PPAR-y activation as a pathway of car-
dioprotection. Nevertheless, limitations to this study
are as follows: 1) the findings have not been corrob-
orated in human cardiac tissue samples, which limits
the direct translation of the presented results; 2) the
PPAR-y pathway was found in a cell culture of ven-
tricular cardiac myoblast, a surrogate model of a
cardiomyocyte, limiting at this point the strength and
relevance of the finding in the scope of adult car-
diomyocytes; 3) in the current study, cannabidiol was
administered at the onset of the ANGII supply for the
development of the HF mouse model, and its effects
remain to be studied once the model is established;
and 4) this study was only performed in male mice,
mainly because studying both sexes simultaneously
can complicate understanding of CBD pathways
caused by sex hormone and hepatic metabolism in-
teractions. Thus, this initial focus on male mice al-
lows a foundational understanding before exploring
sex differences, given reports of female mice exhib-
iting resistance to develop heart failure compared
with male mice.”®

CONCLUSIONS

This study demonstrated that cannabidiol offers
cardioprotection in a HF mouse model induced by
L-NAME and ANGII administration. The results
showed improved cardiac function and reduced car-
diac hypertrophy, remodeling, inflammation, and cell
death. In cardiomyocytes from the HF model, can-
nabidiol restored cell shortening, which was linked to
improved calcium Ca®" handling.

Additionally, it helped preserve cellular oxidative
status, mitochondrial bioenergetics, and notably,
modulated mCa®?* overload by affecting MCU
expression. This suggests that the cardioprotective
effects of cannabidiol are caused by the preservation
of excitation-contraction-energetic coupling. The
identified cellular mechanisms through which
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cannabidiol exerts its cardioprotective effects include
reducing oxidative stress and the activation of PPAR-
v, which helps prevent mitochondrial dysfunction by
decreasing MCU hyperactivity.
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PERSPECTIVES

trophy, Ca>" dynamics, and mitochondrial function of
cardiomyocytes.

knowledge of a novel therapy based on cannabidiol on the

cardiac dysfunction.

COMPETENCY IN MEDICAL KNOWLEDGE: The outcomes of
this study add toward a deeper understanding of the cellular and
molecular basis of HF, particularly in regard to cardiac hyper-

TRANSLATIONAL OUTLOOK: This study contributes to the

pathophysiology of HF, which is supported by preclinical data.
Here, we described that cardioprotection exerted by cannabidiol
on a HF mouse model was caused by the attenuation of cardiac
fibrosis and hypertrophy along with improved ejection fraction
and cardiac output. This was achieved, in the cardiomyocyte, by
preservation of cell shortening, sarcoplasmic reticulum Ca®*
uptake, mitochondrial function, and redox balance, with data
supporting the role of a PPAR-y-dependent mechanism. This
study suggests promising therapeutic results of cannabidiol used
in the clinical field of HF treatment. In this regard, these results
have inspired a translational effort to assess its effects in HF and

819


mailto:gdejesus@tec.mx

820

Garcia-Rivas et al

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 10, NO. 6, 2025

Cannabidiol Preserves Mitochondrial Function and Ca®* Handling in HF

JUNE 2025:800-821

REFERENCES

1. Gwathmey JK, Copelas L, MacKinnon R, et al.
Abnormal intracellular calcium handling in
myocardium from patients with end-stage heart
failure. Circ Res. 1987;61:70-76.

2. Balderas E, Lee SHJ, Rai NK, Mollinedo DM,
Duron HE, Chaudhuri D. Mitochondrial calcium
regulation of cardiac metabolism in health and
disease. Physiology (Bethesda). 2024;39:0.

3. Maack C, O'Rourke B. Excitation-contraction
coupling and mitochondrial energetics. Basic Res
Cardiol. 2007;102:369-392.

4. Fernandez-Sanz C, Fuente SDL, Nichtova Z,
et al. ACTIN anchors the highly oligomeric DRP1 at
mitochondria-sarcoplasmic reticulum contact sites
in adult murine heart: its functional implication.
bioRxiv. 2021, 2021.11.29.470468.

5. Yu Z, Chen R, Li M, et al. Mitochondrial calcium
uniporter inhibition provides cardioprotection in
pressure overload-induced heart failure through
autophagy enhancement. Int J Cardiol. 2018;271:
161-168.

6. Yu Z, Gong X, Yu Y, et al. The mechanical ef-
fects of CRT promoting autophagy via mitochon-
drial calcium uniporter down-regulation and
mitochondrial dynamics alteration. J Cell Mol Med.
2019;23:3833-3842.

7. Lozano O, Marcos P, Salazar-Ramirez FJ, Laz-
aro-Alfaro AF, Sobrevia L, Garcia-Rivas G. Target-
ing the mitochondrial Ca. Acta Physiol (Oxf).
2023;237:e13946.

8. Alves-Figueiredo H, Silva-Platas C, Estrada M,
et al. Mitochondrial Ca. JACC Basic Transl Sci.
2024,;9:496-518.

9. Kicman A, Toczek M. The effects of cannabidiol,
a non-intoxicating compound of cannabis, on the
cardiovascular system in health and disease. Int J
Mol Sci. 2020;21(18):6740.

10. Olivas-Aguirre M, Torres-Lépez L, Valle-
Reyes JS, Hernandez-Cruz A, Pottosin |,
Dobrovinskaya O. Cannabidiol directly targets
mitochondria and disturbs calcium homeostasis in
acute lymphoblastic leukemia. Cell Death Dis.
2019;10:779.

1. Ryan D, Drysdale AJ, Lafourcade C,
Pertwee RG, Platt B. Cannabidiol targets mito-
chondria to regulate intracellular Ca2+ levels.
J Neurosci. 2009;29:2053-2063.

12. Drummond-Main CD, Ahn Y, Kesler M, et al.
Cannabidiol impairs brain mitochondrial meta-
bolism and neuronal integrity. Cannabis Cannabi-
noid Res. 2023;8:283-298.

13. Durst R, Danenberg H, Gallily R, et al. Canna-
bidiol, a nonpsychoactive Cannabis constituent,
protects against myocardial ischemic reperfusion
injury. Am J Physiol Heart Circ Physiol. 2007;293:
H3602-H3607.

14. Walsh  SK, Hepburn CY, Kane KA,
Wainwright CL. Acute administration  of

cannabidiol in vivo suppresses ischaemia-induced
cardiac arrhythmias and reduces infarct size when
given at reperfusion. Br J Pharmacol. 2010;160:
1234-1242.

15. Feng Y, Chen F, Yin T, et al. Pharmacologic
effects of cannabidiol on acute reperfused
myocardial infarction in rabbits: evaluated with 3.
OT cardiac magnetic resonance imaging and his-
topathology. J Cardiovasc Pharmacol. 2015;66:
354-363.

16. Franco-Vadillo A, Toledo-Blass M, Rivera-
Herrera Z, et al. Cannabidiol-mediated RISK PI3K/
AKT and MAPK/ERK pathways decreasing reper-
fusion myocardial damage. Pharmacol Res Per-
spect. 2021;9:e00784.

17. Fouad AA, Albuali WH, Al-Mulhim AS, Jresat I.
Cardioprotective effect of cannabidiol in rats
exposed to doxorubicin toxicity. Environ Toxicol
Pharmacol. 2013;36:347-357.

18. Hao E, Mukhopadhyay P, Cao Z, et al. Canna-
bidiol protects against doxorubicin- induced car-
diomyopathy by modulating mitochondrial
function and biogenesis. Mol Med. 2015;21:38-45.

19. Rajesh M, Mukhopadhyay P, Bétkai S, et al.
Cannabidiol attenuates cardiac dysfunction,
oxidative stress, fibrosis, and inflammatory and
cell death signaling pathways in diabetic cardio-
myopathy. J Am Coll Cardiol. 2010;56:2115-2125.

20. Lee WS, Erdelyi K, Matyas C, et al. Cannabidiol
limits T cell-mediated chronic autoimmune
myocarditis: implications to autoimmune disorders
and organ transplantation. Mol Med. 2016;22:136-
146.

21. Garza-Cervantes JA, Ramos-Gonzalez M,
Lozano O, Jerjes-Sanchez C, Garcia-Rivas G.
Therapeutic applications of cannabinoids in car-
diomyopathy and heart failure. Oxid Med Cell
Longev. 2020;2020:4587024.

22, Ruiz-Esparza GU, Segura-lbarra V, Cordero-
Reyes AM, et al. A specifically designed nano-
construct associates, internalizes, traffics in car-
diovascular cells, and accumulates in failing
myocardium: a new strategy for heart failure di-
agnostics and therapeutics. Eur J Heart Fail.
2016;18:169-178.

23. Cordero-Reyes AM, Youker KA, Trevino AR,
et al. Full expression of cardiomyopathy is partly
dependent on B-cells: a pathway that involves
cytokine activation, immunoglobulin deposition,
and activation of apoptosis. J Am Heart Assoc.
2016;5(1):e002484.

24. Yuen DA, Connelly KA, Advani A, et al. Cul-
ture-modified bone marrow cells attenuate cardiac
and renal injury in a chronic kidney disease rat
model via a novel antifibrotic mechanism. PLoS
One. 2010;5:e9543.

25. Fernandez-Mendoza G, Méndez-Fernandez A,
Alves-Figueiredo HJ, Garcia-Rivas G, Santillan M.

Exploring the mechanisms underlying stroke vol-
ume variability reduction in a murine model of
heart failure with reduced ejection fraction. PLoS
One. 2023;18:€0292687.

26. Pacher P, Nagayama T, Mukhopadhyay P,
Batkai S, Kass DA. Measurement of cardiac func-
tion using pressure-volume conductance catheter
technique in mice and rats. Nat Protoc. 2008;3:
1422-1434.

27. Ackers-Johnson M, Li PY, Holmes AP,
O'Brien SM, Pavlovic D, Foo RS. A simplified, lan-
gendorff-free method for concomitant isolation of
viable cardiac myocytes and nonmyocytes from
the adult mouse heart. Circ Res. 2016;119:909-
920.

28. Silva-Platas C, Guerrero-Beltran CE,
Carrancad M, et al. Antineoplastic copper coordi-
nated complexes (Casiopeinas) uncouple oxidative
phosphorylation and induce  mitochondrial
permeability transition in cardiac mitochondria and
cardiomyocytes. J Bioenerg Biomembr. 2016;48:
43-54.

29. Bernal-Ramirez J, Silva-Platas C, Jerjes-
Sanchez C, et al. Resveratrol prevents right
ventricle dysfunction, calcium mishandling, and
energetic failure via SIRT3 stimulation in pulmo-
nary arterial hypertension. Oxid Med Cell Longev.
2021;2021:9912434.

30. Pérez-Treviiio P, Sepulveda-Leal J,
Altamirano J. Simultaneous assessment of calcium
handling and contractility dynamics in isolated
ventricular myocytes of a rat model of post-acute
isoproterenol-induced cardiomyopathy. Cell Cal-
cium. 2020;86:102138.

31. Picht E, Zima AV, Blatter LA, Bers DM. Spark-
Master: automated calcium spark analysis with
Image). Am J Physiol Cell Physiol. 2007;293:
C1073-C1081.

32, Chapoy-Villanueva H, Silva-Platas C, Gutiér-
rez-Rodriguez AK, et al. Changes in the stoichi-
ometry of uniplex decrease mitochondrial calcium
overload and contribute to tolerance of cardiac
ischemia/reperfusion injury in hypothyroidism.
Thyroid. 2019;29:1755-1764.

33. Avila-Barrientos LP, Cofas-Vargas LF, Agliero-
Chapin G, et al. Computational design of inhibitors
targeting the catalytic  subunit of Escherichia coli
F O F 1 -ATP synthase. Antibiotics (Basel).
2022;11(5):557.

34.Sali A, Blundell TL. Comparative protein
modelling by satisfaction of spatial restraints.
J Mol Biol. 1993;234:779-815.

35. Eastman P, Swails J, Chodera JD, et al.
OpenMM 7: rapid development of high perfor-
mance algorithms for molecular dynamics. PLoS
Comput Biol. 2017;13:e1005659.

36. Tian C, Kasavajhala K, Belfon KAA, et al.
ff19SB: amino-acid-specific protein backbone


http://refhub.elsevier.com/S2452-302X(24)00459-5/sref1
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref1
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref1
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref1
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref2
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref2
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref2
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref2
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref3
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref3
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref3
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref4
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref4
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref4
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref4
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref4
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref5
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref5
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref5
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref5
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref5
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref6
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref6
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref6
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref6
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref6
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref7
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref7
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref7
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref7
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref8
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref8
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref8
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref9
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref9
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref9
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref9
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref10
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref10
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref10
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref10
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref10
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref10
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref11
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref11
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref11
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref11
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref11
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref12
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref12
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref12
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref12
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref13
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref13
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref13
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref13
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref13
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref14
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref14
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref14
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref14
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref14
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref14
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref15
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref15
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref15
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref15
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref15
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref15
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref16
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref16
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref16
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref16
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref16
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref17
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref17
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref17
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref17
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref18
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref18
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref18
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref18
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref19
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref19
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref19
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref19
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref19
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref20
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref20
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref20
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref20
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref20
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref21
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref21
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref21
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref21
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref21
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref22
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref22
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref22
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref22
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref22
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref22
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref22
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref23
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref23
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref23
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref23
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref23
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref23
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref24
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref24
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref24
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref24
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref24
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref25
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref25
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref25
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref25
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref25
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref25
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref26
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref26
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref26
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref26
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref26
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref27
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref27
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref27
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref27
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref27
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref27
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref28
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref28
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref28
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref28
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref28
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref28
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref28
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref29
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref29
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref29
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref29
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref29
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref29
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref30
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref30
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref30
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref30
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref30
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref30
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref31
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref31
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref31
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref31
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref32
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref32
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref32
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref32
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref32
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref32
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref33
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref33
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref33
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref33
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref33
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref34
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref34
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref34
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref35
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref35
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref35
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref35
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref36
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref36

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 10, NO. 6, 2025

JUNE 2025:800-821

parameters trained against quantum mechanics
energy surfaces in solution. J Chem Theory Com-
put. 2020;16:528-552.

37. Case DA, Aktulga HM, Belfon K, et al. Amber
2022. San Francisco: University of California;
2022.

38. Miller BR, McGee TD, Swails JM, Homeyer N,
Gohlke H, Roitberg AE. MMPBSA.py: an efficient
program for end-state free energy calculations.
J Chem Theory Comput. 2012;8:3314-3321.

39. Perticone M, Zito R, Miceli S, et al. Immunity,
inflammation and heart failure: their role on car-
diac function and iron status. Front Immunol.
2019;10:2315.

40. Dries E, Santiago DJ, Gilbert G, et al. Hyper-
active ryanodine receptors in human heart failure
and ischaemic cardiomyopathy reside outside of
couplons. Cardiovasc Res. 2018;114:1512-1524.

41. Guerrero-Beltran CE, Bernal-Ramirez  J,
Lozano O, et al. Silica nanoparticles induce car-
diotoxicity interfering with energetic status and
Ca. Am J Physiol Heart Circ Physiol. 2017;312:
H645-H661.

42, Pertwee RG. The diverse CB1 and CB2 receptor
pharmacology of three plant cannabinoids:
delta9-tetrahydrocannabinol, cannabidiol and
delta9- tetrahydrocannabivarin. Br J Pharmacol.
2008;153:199-215.

43. Thomas A, Baillie GL, Phillips AM, Razdan RK,
Ross RA, Pertwee RG. Cannabidiol displays unex-
pectedly high potency as an antagonist of CB1 and
CB2 receptor agonists in vitro. Br J Pharmacol.
2007;150:613-623.

44. Laprairie RB, Bagher AM, Kelly ME, Denovan-
Wright EM. Cannabidiol is a negative allosteric
modulator of the cannabinoid CB1 receptor. Br J
Pharmacol. 2015;172:4790-4805.

45. Tham M, Yilmaz O, Alaverdashvili M,
Kelly MEM, Denovan-Wright EM, Laprairie RB.
Allosteric and orthosteric pharmacology of can-
nabidiol and cannabidiol-dimethylheptyl at the
type 1 and type 2 cannabinoid receptors. Br J
Pharmacol. 2019;176:1455-1469.

46. Shahbazi F, Grandi V, Banerjee A, Trant JF.
Cannabinoids and cannabinoid receptors: the story
so far. iScience. 2020;23:101301.

47. O'Sullivan SE. An update on PPAR activation
by cannabinoids. Br J Pharmacol. 2016;173:1899-
1910.

48. Sabbah HN. Targeting the mitochondria in
heart failure: a translational perspective. JACC
Basic Transl Sci. 2020;5:88-106.

49. Gonca E, Darici F. The effect of cannabidiol on
ischemia/reperfusion-induced ventricular arrhyth-
mias: the role of adenosine Al receptors.
J Cardiovasc Pharmacol Ther. 2015;20:76-83.

50. Gaoni Y, Mechoulam R. The isolation and
structure of delta-1-tetrahydrocannabinol and
other neutral cannabinoids from hashish. J Am
Chem Soc. 1971;93:217-224.

51. Krzyzewska A,  Baranowska-Kuczko M,
Kasacka I, Koztowska H. Cannabidiol alleviates

Cannabidiol Preserves Mitochondrial Function and Ca®* Handling in HF

right ventricular fibrosis by inhibiting the trans-
forming growth factor p pathway in monocrota-
line-induced pulmonary hypertension in rats.
Biochim Biophys Acta Mol Basis Dis. 2023;1869:
166753.

52, Verrico CD, Wesson S, Konduri V, et al.
A randomized, double-blind, placebo- controlled
study of daily cannabidiol for the treatment of
canine osteoarthritis pain. Pain. 2020;161:2191-
2202.

53. Aswad M, Hamza H, Pechkovsky A, et al. High-
CBD extract (CBD-X) downregulates cytokine
storm systemically and locally in inflamed lungs.
Front Immunol. 2022;13:875546.

54. Nie Q, Dong W, Shen B, et al. Cannabidiol at-
tenuates methamphetamine-induced cardiac in-
flammatory response through the PKA/CREB
pathway in rats. Ann Transl Med. 2022;10:985.

55. Atalay S, Jarocka-Karpowicz I, Skrzydlewska E.
Antioxidative and anti-inflammatory properties of
cannabidiol. Antioxidants (Basel). 2019;9(1):21.

56. Remiszewski P,  Jarocka-Karpowicz |,
Biernacki M, et al. Chronic cannabidiol adminis-
tration fails to diminish blood pressure in rats with
primary and secondary hypertension despite its
effects on cardiac and plasma endocannabinoid
system, oxidative stress and lipid metabolism. Int J
Mol Sci. 2020;21(4):1295.

57.Sun S, Hu F, Wu J, Zhang S. Cannabidiol at-
tenuates OGD/R-induced damage by enhancing
mitochondrial  bioenergetics and modulating
glucose metabolism via pentose-phosphate
pathway in hippocampal neurons. Redox Biol.
2017;11:577-585.

58. da Silva VK, de Freitas BS, Dornelles VC, et al.
Novel insights into mitochondrial molecular tar-
gets of iron-induced neurodegeneration: reversal
by cannabidiol. Brain Res Bull. 2018;139:1-8.

59. Giacoppo S, Soundara Rajan T, Galuppo M,
et al. Purified Cannabidiol, the main non- psy-
chotropic component of Cannabis sativa, alone,
counteracts neuronal apoptosis in experimental
multiple sclerosis. Eur Rev Med Pharmacol Sci.
2015;19:4906-4919.

60. Santulli G, Xie W, Reiken SR, Marks AR.
Mitochondrial calcium overload is a key determi-
nant in heart failure. Proc Natl Acad Sci U S A.
2015;112:11389-11394.

61. Lingappan K. NF-kB in Oxidative stress. Curr
Opin Toxicol. 2018;7:81-86.

62. Hamilton S, Terentyeva R, Martin B, et al.
Increased RyR2 activity is exacerbated by calcium
leak-induced mitochondrial ROS. Basic Res Cardiol.
2020;115:38.

63. Benitah JP, Perrier R, Mercadier JJ, Pereira L,
Gomez AM. RyR2 and calcium release in heart
failure. Front Physiol. 2021;12:734210.

64. Oda T, Yang Y, Uchinoumi H, et al. Oxidation
of ryanodine receptor (RyR) and calmodulin
enhance Ca release and pathologically alter, RyR
structure and calmodulin affinity. J Mol Cell Car-
diol. 2015;85:240-2438.

Garcia-Rivas et al

65. Greensmith DJ, Eisner DA, Nirmalan M. The
effects of hydrogen peroxide on intracellular cal-
cium handling and contractility in the rat ventric-
ular myocyte. Cell Calcium. 2010;48:341-351.

66. Qin F, Siwik DA, Lancel S, et al. Hydrogen
peroxide-mediated SERCA cysteine 674 oxidation
contributes to impaired cardiac myocyte relaxation
in senescent mouse heart. J Am Heart Assoc.
2013;2:e000184.

67. Lu Z, Cui Y, Wei X, et al. Deficiency of PKD2L1
(TRPP3) exacerbates pathological cardiac hyper-
trophy by augmenting ncx1-mediated mitochon-
drial calcium overload. Cell Rep. 2018;24:1639-
1652.

68. Cao T, Fan S, Zheng D, et al. Increased calpain-
1 in mitochondria induces dilated heart failure in
mice: role of mitochondrial superoxide anion. Basic
Res Cardiol. 2019;114:17.

69. Ni R, Cao T, Xiong S, et al. Therapeutic inhi-
bition of mitochondrial reactive oxygen species
with mito-TEMPO reduces diabetic cardiomyopa-
thy. Free Radic Biol Med. 2016;90:12-23.

70. Ryberg E, Larsson N, Sjogren S, et al. The
orphan receptor GPR55 is a novel cannabinoid
receptor. Br J Pharmacol. 2007;152:1092-1101.

71. Robertson-Gray 0OJ, Walsh SK, Ryberg E,
Jonsson-Rylander AC, Lipina C, Wainwright CL. L-
a-Lysophosphatidylinositol ~ (LPI)  aggravates
myocardial ischemia/reperfusion injury via a
GPR55/ROCK-dependent pathway. Pharmacol Res
Perspect. 2019;7:e00487.

72. Yu J, Deliu E, Zhang XQ, et al. Differential
activation of cultured neonatal cardiomyocytes by
plasmalemmal versus intracellular G protein-
coupled receptor 55. J Biol Chem. 2013;288:
22481-22492.

73. Walsh SK, Hector EE, Andréasson AC, Jonsson-
Rylander AC, Wainwright CL. GPR55 deletion in
mice leads to age-related ventricular dysfunction
and impaired adrenoceptor-mediated inotropic
responses. PLoS One. 2014;9:e108999.

74. Puhl SL, Hilby M, Kohlhaas M, et al. Haema-
topoietic and cardiac GPR55 synchronize post-
myocardial infarction remodelling. Sci  Rep.
2021;11:14385.

75. O'Sullivan SE, Sun Y, Bennett AJ, Randall MD,
Kendall DA. Time-dependent vascular actions of
cannabidiol in the rat aorta. Eur J Pharmacol.
2009;612:61-68.

76. Tong D, Schiattarella GG, Jiang N, et al. Fe-
male sex is protective in a preclinical model of
heart failure with preserved ejection fraction. Cir-
culation. 2019;140:1769-1771.

KEY WORDS Ca?* dynamics, cannabidiol,
heart failure, mitochondrial energetics,
oxidative stress, PPAR-y

APPENDIX For supplemental figures and
tables, please see the online version of this
paper.

821


http://refhub.elsevier.com/S2452-302X(24)00459-5/sref36
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref36
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref36
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref37
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref37
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref37
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref38
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref38
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref38
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref38
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref39
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref39
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref39
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref39
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref40
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref40
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref40
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref40
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref41
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref41
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref41
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref41
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref41
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref42
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref42
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref42
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref42
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref42
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref43
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref43
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref43
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref43
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref43
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref44
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref44
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref44
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref44
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref45
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref45
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref45
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref45
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref45
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref45
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref46
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref46
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref46
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref47
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref47
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref47
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref48
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref48
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref48
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref50
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref50
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref50
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref50
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref50
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref50
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref51
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref51
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref51
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref51
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref52
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref52
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref52
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref52
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref52
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref52
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref52
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref52
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref53
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref53
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref53
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref53
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref53
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref54
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref54
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref54
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref54
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref55
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref55
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref55
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref55
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref56
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref56
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref56
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref57
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref57
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref57
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref57
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref57
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref57
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref57
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref58
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref58
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref58
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref58
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref58
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref58
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref59
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref59
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref59
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref59
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref60
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref60
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref60
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref60
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref60
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref60
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref61
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref61
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref61
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref61
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref63
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref63
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref64
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref64
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref64
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref64
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref65
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref65
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref65
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref66
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref66
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref66
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref66
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref66
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref67
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref67
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref67
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref67
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref68
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref68
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref68
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref68
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref68
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref69
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref69
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref69
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref69
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref69
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref70
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref70
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref70
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref70
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref71
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref71
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref71
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref71
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref72
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref72
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref72
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref73
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref73
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref73
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref73
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref73
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref73
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref74
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref74
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref74
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref74
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref74
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref75
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref75
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref75
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref75
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref75
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref76
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref76
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref76
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref76
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref77
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref77
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref77
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref77
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref81
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref81
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref81
http://refhub.elsevier.com/S2452-302X(24)00459-5/sref81

	Cannabidiol Prevents Heart Failure Dysfunction and Remodeling Through Preservation of Mitochondrial Function and Calcium Ha ...
	Methods
	Reagents
	Experiments performed: in vivo, ex vivo, and in vitro
	HF animal model
	Euthanasia and tissue selection
	Histopathologic slides preparation and microphotography
	Assessment of cardiac remodeling by fibrotic index and hypertrophy
	Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling assay
	Caspase activity measurements
	In vivo intra-LV hemodynamics
	In vivo blood pressure assessment
	Cardiomyocyte isolation
	Mitochondrial membrane potential measurement in intact cardiomyocytes
	Mitochondria isolation
	Mitochondrial function assessment
	Oxidative stress markers
	Cell shortening and Ca2+ handling measurements in intact cardiomyocytes
	Cellular culture
	In vitro assessment of cellular hypertrophy
	In vitro assessment of mitochondrial ROS
	In vitro mitochondrial Ca2+ content
	In vitro mitochondrial Ca2+ retention capacity (CRC) and Ca2+ influx rate
	RNA extraction and real-time PCR analysis
	Protein purification and Western blot analysis
	Docking studies and molecular dynamics simulations
	Statistical analysis

	Results
	Cannabidiol prevents cardiac pathological structural changes in mice with HF
	Cannabidiol preserves heart function in HF mice
	Cannabidiol blocks remodeling, inflammation, and apoptosis in mice with HF
	Cannabidiol averts cellular energetics failure
	Cannabidiol maintains excitation-contraction-energetic coupling in mice with HF
	Cannabidiol-induced antihypertrophic effects are partially mediated by the PPAR-γ pathway and preservation of mitochondrial ...
	Cannabidiol might activate PPAR-γ by direct interaction on the canonical ligand-binding pocket

	Discussion
	Therapeutic use of cannabidiol in HF
	Cardioprotective effect of cannabidiol in cardiac remodeling and inflammation
	Cannabidiol, mitochondrial bioenergetics, and the redox system
	Effects of cannabidiol on oxidative stress and mCa2+
	Activation of PPAR-γ by cannabidiol
	Study limitations

	Conclusions
	Acknowledgments
	Funding Support and Author Disclosures
	References


