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Background: Doxorubicin (DOX) is a chemotherapeutic agent widely used for cancer treatment and has non-negligible cardiotoxi
city. Some previous studies have reported that cannabidiol (CBD) has cardioprotective effects. In this study, we evaluated the 
protective effects of CBD against DOX-induced cardiomyocyte injury, and explored the downstream molecular mechanism.
Methods and Materials: GSE193861, containing healthy myocardial tissues and myocardial tissues with DOX-induced injury, was 
analyzed to screen for the involved proteins and pathways. Molecular docking was performed to identify candidate drugs. After H9c2 
cells were treated with DOX and CBD, their viability, oxidative stress, and apoptosis were assessed. After YAP depletion, the role of 
the Hippo pathway in CBD function was investigated. C57BL/6 mice were treated with DOX to establish an in vivo model, and CBD 
and verteporfin (VP) were used to treat the mice. Histological analyses and immunofluorescence were used to evaluate myocardial 
tissue injury, and apoptosis and oxidative stress of the myocardial tissues were also analyzed. Western blotting was used to investigate 
the regulatory effects of CBD on the Hippo and apoptosis-related pathways.
Results: Bioinformatic analysis suggested that the Hippo pathway was a crucial pathway involved in DOX-induced myocardial injury. 
Molecular docking showed that CBD targeted multiple regulators of the Hippo pathway. CBD showed cardioprotective effects against 
DOX-induced myocardial injury both in vitro and in vivo and regulated Hippo pathway activity in cardiomyocytes. After inactivation 
of the Hippo pathway by YAP knockdown or VP intervention, the protective effects of CBD were reversed.
Conclusion: For the first time, we revealed that CBD is likely to reduce DOX-induced myocardial injury by regulating the Hippo 
signaling pathway.
Keywords: doxorubicin, heart injury, cannabidiol, Hippo pathway

Introduction
Doxorubicin (DOX) is one of the most commonly used chemotherapeutic agents for the treatment of malignancies.1 

Although DOX is widely used, it exhibits a strong cardiotoxicity.2 The molecular mechanism of DOX-induced 
myocardial injury involves many aspects, including oxidative stress, calcium overload, energy metabolism disorder, 
DNA damage and so on.2,3 DOX can accumulate in heart muscle cells, causing their death or inhibiting their function, 
leading to heart failure or cardiomyopathy.2 On one hand, DOX cardiotoxicity limits its application; for example, patients 
with cardiac dysfunction are contraindicated with DOX; on the other hand, patients treated with DOX are at risk of heart 
damage and need to undergo regular electrocardiogram and echocardiogram tests.2,3

The incidence of late-onset complications is not reduced even when the cumulative dose of DOX was reduced, 
regardless of the antitumor effect.4 Slower infusion or liposome formulations may reduce the toxicity of DOX by 
reducing the peak concentration of DOX, but the implementation of these strategies is associated with higher medical 
costs.2 Although dexrazoxane is believed to reduce the cardiotoxicity of DOX, it has also been reported that dexrazoxane 
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can reduce the effect of anti-tumor drugs and has potential carcinogenic effects.5,6 Therefore, it is important to develop 
new protective agents against DOX’s cardiotoxicity.

Natural active ingredients in plants are considered an important source for drug development, with many advantages 
such as low cost, few side effects, and easy access. Increasing evidence support that some natural drugs, such as phenolic 
acids, flavonoids, stilbenes, alkaloids and phenyl propanoids, have cardioprotective effects.7 Cannabidiol (CBD) is 
a natural compound derived from Cannabis Sativa L. Previous studies have shown that CBD has a variety of 
pharmacological effects, such as analgesia, anti-epilepsy, anti-anxiety, and inhibition of malignant phenotypes of 
tumor cells.8–12 Recent preclinical studies have reported that CBD has a positive effect on the treatment of cardiovascular 
disease.13–17 For example, in rat models, CBD can alleviate myocardial injury induced by ischemia-reperfusion by 
regulating the PI3K/AKT and MAPK/ERK signaling pathways.13 By regulating cardiac sodium channels, CBD can also 
relieve the inflammatory response of cardiomyocytes.14 CBD also has the potential to alleviate T cell-mediated 
autoimmune myocarditis.15 A recent study reports that CBD mitigates lipopolysaccharide-induced cardiovascular toxicity 
via repressing inflammatory signaling pathways.16 Importantly, CBD is undergoing a clinical trial to validate its 
beneficial role on myocardial recovery in patients with acute myocarditis.17 However, few studies have investigated 
whether CBD alleviates DOX-induced myocardial damage.

The Hippo signaling pathway inhibits cell growth. Phosphorylation of YAP/TAZ by MST1/2 and LAST1/2 in the 
upstream activates a series of kinase cascade phosphorylation reactions.18,19 Cytoskeletal proteins bind to phosphorylated 
YAP and TAZ, allowing them to remain in the cytoplasm and reduce their nuclear activity, thereby regulating organ size 
and volume.18,19 The Hippo signaling pathway is a key modulator of cardiomyocyte apoptosis.20 In this study, using 
bioinformatics, molecular docking, cell models, and animal models, for the first time, we revealed that CBD is likely to 
reduce DOX-induced myocardial injury by regulating the Hippo signaling pathway.

Methods and Materials
Analysis of Microarray Data
The Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/) was searched, and “GSE193861” 
microarray data were downloaded, including five cases of healthy controls and five cases of DOX-induced myocardial 
injury. R language was used to process and analyze the data and to screen the differentially expressed genes using the 
following screening criteria: |log2 fold change (FC)| > 0.7 and P value < 0.05. ggplot2 was used to visualize the results. 
These differentially expressed genes are considered potential drug targets for ameliorating myocardial injury induced by 
doxorubicin.

Enrichment Analysis
R software and clusterProfiler, enrichplot, GOplot packages were applied to perform GO enrichment analysis, and 
P value<0.05 was set as the criterion. R software, clusterProfiler, BiocManager, and enrichplot packages were used to 
perform Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis.

Molecular Docking
The TCMSP database (https://old.tcmsp-e.com/tcmsp.php) was searched to download the 3D structure of the CBD, and 
the file was saved in mol2 format. The Protein Data Bank (PDB) database (https://www.pdbus.org/) was searched to 
download the 3D structure of the protein targets, and the files were saved in the PDB format. Using AutoDock 4.2, the 
protein was dehydrated and hydrogenated, the charge was calculated, the atomic type was set, and the files were saved in 
PDBQT format. Using Autodock 4.2, the CBD file was saved as pdbqt format. Molecular docking was performed using 
AutoDock Vina software.

Cell Culture and Intervention
Rat cardiomyocyte H9c2 cells (ATCC, Manassas, VA, USA) were cultured in Dulbecco’s Modified Eagle’s Medium 
(DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, 
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USA), 100 U/mL penicillin, and 100 μg/mL streptomycin, in a humidified incubator containing 5% CO2 at 37 °C. DOX 
(Sigma, Shanghai, China) was dissolved in normal saline and diluted with medium to treat cells. CBD (GlpBio, 
Montclair, CA, USA) was dissolved in dimethyl sulfoxide (DMSO), and diluted with medium to treat the cells at 
different concentrations for different times. Lipofectamine 2000 (Invitrogen, Carlsbad, CA, Invitrogen) was applied for 
cell transfection. The siRNAs were obtained from GenePharma (Shanghai, China).

Animal Model
Animal experiments were approved by the Ethics Committee of the First Affiliated Hospital of Jiamusi University. The 
experimental procedures follow the guidelines of the National Institutes of Health’s Guidelines for the Care and Use of 
Laboratory Animals. C57BL/6 mice (male, 20–30 g, SPF, Hibio, Hangzhou, China) were randomly divided into control, 
DOX treatment, DOX treatment + CBD treatment, and DOX treatment + CBD treatment + verteporfin (VP) (Sigma, 
Shanghai, China) treatment groups (10 mice in each group). DOX was administered on the first day and the fourth day (i. 
p.; 10 mg/kg). CBD and VP were administered daily (i.p.; 10 mg/kg). Two weeks later, the mice were sacrificed and heart 
tissues (left ventricular myocardial tissues) were collected for subsequent analysis.

Immunofluorescence
Immunofluorescence was performed to examine protein expression, reactive oxide species (ROS) production and 
apoptosis, according to the manufacturer’s instructions. The expression level of YAP1 was detected using YAP1 
monoclonal antibody (Proteintech, Wuhan, China). A DCFH-DA probe kit (Beyotime, Shanghai, China) was used to 
detect ROS levels. The Terminal Deoxynucleotidyl Transferase (TUNEL) kit (Beyotime, Shanghai, China) was used to 
detect cardiomyocyte apoptosis. DAPI was used to stain the nuclei. The tissues and cells were observed under 
a fluorescence microscope (Olympus, Tokyo, Japan). For the in vitro assays, at least 6 parallel wells were set for each 
group, and the experiments were repeated independently for 3 times. For the in vivo assays, there were 10 mice in each 
group, and 6 images in each group were randomly captured under microscope and analyzed.

Western Blot
Myocardial tissue homogenate and H9c2 cells were lysed in 200 μL of RIPA lysis buffer (Sigma, St. Louis, MO, USA). 
The protein concentration was quantified using a BCA kit (Beyotime, Shanghai, China). Equivalent amounts of protein 
(40 μg) were transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA) after electro
phoresis. The membrane was blocked with 5% skim milk at room temperature for 1 h and incubated with the primary 
antibody at 4 °C overnight. After washing with tris-buffered saline tween (TBST), the membranes were incubated with 
a secondary antibody coupled with horseradish peroxidase (HRP) at room temperature for 1 h. Finally, the bands were 
visualized using an enhanced chemiluminescence (ECL) Plus kit (Beyotime, Shanghai, China) and analyzed using Image 
Lab software. α-tubulin was used as an internal control. The antibodies used in this study are listed in Table 1. For the 
in vitro assays, at least 3 parallel wells were set for each group, and the experiments were repeated independently for 3 
times. For the in vivo assays, there were 10 mice in each group, and the protein samples of 3 mice, randomly selected 
from each group, were used to perform the immunoblotting, and for each sample, the experiment was independently 
repeated for 3 times.

Flow Cytometry
To detect apoptosis in cardiomyocytes, for each sample, 1×106 H9c2 cells were collected, washed phosphate buffer saline 
(PBS), and resuspended in 100 μL binding buffer. Then 10 μL annexin V-Fluorescein Isothiocyanate and 10 μL 
propidium iodide (PI) (Beyotime, Shanghai, China) were added, and fully mixed with the binding buffer. Then the 
cells were placed in the dark at room temperature for 15 min for staining. After that, the cells were washed with binding 
buffer to remove the excessive dye. Subsequently, cell sorting was performed by flow cytometry. The percentage of 
Annexin V−/PI+ (necrosis), Annexin V+/PI− (early apoptosis), and Annexin V/PI+ (late apoptosis) cells was calculated. 
Gating strategy was based on forward scatter signal and side scatter signal, to exclude the influence of cell mass and cell 
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debris on the result analysis. At least 6 parallel wells were set for each group, and the experiments were independently 
repeated for 3 times.

Evaluation of Marker of Myocardial Injury
The myocardial tissue was homogenized, and the supernatant was collected after centrifugation. For H9c2 cells, the cells 
and medium were centrifuged and the supernatant was collected. Additionally, the serum of the mice in different groups 
was collected. After that, the malondialdehyde (MDA) was detected for evaluation of lipid peroxidation with MDA 
Detection Kit (Beyotime, Shanghai, China), and superoxide dismutase (SOD) was detected for evaluation of oxidative 
stress with Total Superoxide Dismutase Assay Kit with WST-8 (Beyotime, Shanghai, China), and lactic dehydrogenase 
(LDH) and creatine kinase-MB (CK-MB) were detected with LDH Assay Kit (Beyotime, Shanghai, China) and CK-MB 
Detection kit (Elabscience, Wuhan, China), respectively, according to the manufacturer’s introductions. For the in vitro 
assays, at least 6 parallel wells were set for each group, and the experiments were repeated independently for 3 times. For 
the in vivo assays, there were 10 mice in each group, and at least 6 parallel wells were set for each sample, and the 
experiments were repeated independently for 3 times.

Hematoxylin-Eosin (HE) Staining
After dewaxing, the samples were stained with a hematoxylin solution for 5 min and washed with tap water. The sections 
were transferred to 1% hydrochloric acid-alcohol for 4 s and washed with tap water. The sections were then placed in 
anhydrous ethanol I for 5 minutes, anhydrous ethanol II for 5 minutes, xylene I for 5 minutes, and xylene II for 
5 minutes. After air drying, the samples were sealed with neutral gum and visualized by microscopy. There were 10 mice 
in each group, and 6 images in each group were randomly captured under microscope and analyzed.

Wheat Germ Agglutinin (WGA) Staining
After dissection, the heart tissue was immersed in liquid nitrogen for snap-freezing, cut into 6-μm sections, and fixed 
with acetone. After washing with PBS, sections were blocked with 5% donkey serum and incubated with Alexa-488- 
conjugated WGA (1:500, W11261, Thermo Fisher Scientific). Finally, sections were observed under a fluorescence 
microscope (Olympus). There were 10 mice in each group, and 6 images in each group were randomly captured under 
microscope and analyzed.

Table 1 The Antibodies Used in the Present Work

Antibody Manufacture (Dilution Ratio)

Rabbit Anti-Phospho-MST1 (Thr183) antibody (bs-4635R) Bioss, Beijing, China (1: 1000)
Rabbit Anti-MST1 antibody (bs-28134R) Bioss, Beijing, China (1: 1000)

Rabbit Anti-Phospho-LATS1 (Thr1079) antibody (bs-3245R) Bioss, Beijing, China (1: 1000)

Rabbit Anti-LATS1 antibody (bs-2904R) Bioss, Beijing, China (1: 1000)
YAP1 Monoclonal antibody (66900-1-Ig) Proteintech, Wuhan, China (1: 1000)

TEAD4 Antibody (#DF13283) Affinity Biosciences, Beijing, China (1:1000)

Rabbit Anti-phospho-PI3 Kinase p110 beta (Ser1070) antibody (bs-6417R) Bioss, Beijing, China (1: 1000)
PI3 Kinase p110 Alpha Monoclonal antibody (67071-1-Ig) Proteintech, Wuhan, China (1: 2000)

Phospho-AKT (Ser473) Monoclonal antibody (66444-1-Ig) Proteintech, Wuhan, China (1: 1000)
AKT Monoclonal antibody (60203-2-Ig) Proteintech, Wuhan, China (1: 5000)

P53 Monoclonal antibody (60283-2-Ig) Proteintech, Wuhan, China (1: 5000)

Bcl2 Monoclonal antibody (68103-1-Ig) Proteintech, Wuhan, China (1: 5000)
BAX Monoclonal antibody (60267-1-Ig) Proteintech, Wuhan, China (1: 10,000)

Cleaved-Caspase 3 (Asp175), p17 Antibody (# BF0711) Affinity Biosciences, Beijing, China (1:1000)

AlphaTubulin Polyclonal antibody (11224-1-AP) Proteintech, Wuhan, China (1: 5000)
HRP-conjugated Goat Anti-Mouse IgG (H+L)(SA00001-1) Proteintech, Wuhan, China (1: 10,000)

HRP-conjugated Goat Anti-Rabbit IgG (H+L)(SA00001-2) Proteintech, Wuhan, China (1: 10,000)
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Statistical Analysis
Data are expressed as the “mean ± standard deviation” and were analyzed using SPSS software (version 21.0; SPSS, 
Chicago, IL, USA). The normality of the data was tested with Shapiro–Wilk test, and the homogeneity of variances was 
tested with Levene’s test. Differences among multiple groups were analyzed using one-way analysis of variance 
(ANOVA) and Tukey’s post-hoc test or non-parametric test. P<0.05 was considered to be statistically significant.

Results
Multiple Genes are Dysregulated in DOX-Induced Myocardial Injury and Hippo 
Pathway May Function as a Crucial Mediator
First of all, bioinformatics analyses were performed to identify the crucial targets/pathways in DOX-myocardial injury. 
By analyzing the microarray data in GSE193861, a total of 1133 differential genes were obtained, including 583 
upregulated genes and 550 downregulated genes (Supplementary Figure 1). Next, the 1133 genes were analyzed using 
KEGG enrichment analysis, and a total of five signal pathways/biological processes were obtained (Table 2). It mainly 
included the Hippo signaling pathway, the calcium signaling pathway, and human papillomavirus infection, etc. The 
Hippo signaling pathway may be the most important signaling pathway for DOX-induced myocardial injury because it 
had the highest number of dysregulated genes during DOX-induced myocardial injury.

CBD Targets Multiple Regulators in Hippo Pathway
To preliminarily verify the inhibitory effects of CBD on Hippo pathway, molecular docking was performed based on the 
key regulators of the Hippo signaling pathway and CBD. The results of molecular docking are shown (Table 3 and 

Table 2 The Results of KEGG Enrichment Analysis and Involved DEGs

Pathway 
ID

Pathway name Involved genes

hsa04390 Hippo signaling 
pathway

GDF6, WNT2B, PPP2R2B, CRB1, NKD1, WTIP, GDF7, FZD1, WNT9A, BMP2, PARD6G, SNAI2, CCN2, 
FZD7, AMH, FGF1, WNT3, BMP7, TEAD1, PPP2R2C, WNT10B, PARD6A, WNT6

hsa04020 Calcium signaling 

pathway

HTR2A, HTR2B, MCOLN1, HTR4, NTRK2, NTRK3, RYR3, RYR1, FGF1, MET, RYR2, CAMK1, CHRNA7, 

NGF, PRKCB, PTGER3, FGF5, ADRA1B, P2RX5, GRM5, TACR1, GRIN2D, HRH2
hsa05165 Human papillomavirus 

infection

RELN, WNT2B, PPP2R2B, TNR, CREB5, COMP, FZD1, WNT9A, PARD6G, LAMA1, THBS3, COL2A1, 

FZD7, ATP6V1G2, ITGB7, WNT3, ATP6V1E2, PPP2R2C, RFNG, HLA-G, SLC9A3R1, CCNE1, WNT10B, 

LAMC2, PARD6A, WNT6, MAP2K1
hsa04540 Gap junction HTR2A, HTR2B, CDK1, TUBA3D, TUBA3E, TUBB4B, PRKCB, TUBB1, TUBA1C, GRM5, MAP2K1

hsa05217 Basal cell carcinoma WNT2B, HHIP, FZD1, WNT9A, BMP2, FZD7, WNT3, WNT10B, WNT6

Abbreviations: KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes.

Table 3 The Results of Molecular Docking

Protein PDB ID The Sites of Molecular Docking Parameters of the Molecular Docking

X Y Z Affinity (kcal/mol) Dist from rmsd 1.b. Best Mode rmsd u.b.

MST2 7B32 −32.8707 −2.80236 15.0835 −7.5 2.897 5.131
LATS1 4O75 16.0957 1.56294 12.7942 −6.6 3.438 6.63

LATS2 5EW9 −12.3544 11.083 17.0456 −7.3 1.411 3.899

YAP1 4MY6 17.6687 −6.30288 −15.4422 −6.6 0.068 1.789
TAZ 6SLX −24.0688 −17.9491 −2.66742 −5.7 4.177 5.669

FGF1 1JQZ 24.9547 22.272 45.2993 −5.1 3.396 7.688

TEAD1 7LI5 0.807343 0.254676 −48.8532 −6.1 7.455 9.192
SAV1 6A05 48.9212 96.7178 18.2117 −6.8 1.551 6.505

Abbreviation: PDB, Protein Data Bank.
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Supplementary Figure 2). The results of molecular docking showed that the binding activity of CBD and key proteins 
was less than −5.0 kcal/mol, indicating a high binding affinity between them. These results suggested that CBD may 
regulates the pathogenesis of DOX-induced myocardial injury by targeting the Hippo pathway.

CBD Shows Cardioprotective Effects Against DOX-Induced Myocardial Injury in vitro
Then an in vitro model of DOX-induced myocardial injury was constructed. H9c2 cardiomyocytes were treated with 
DOX at concentrations of 0, 0.25, 0.5, 1.0, 2.5 and 5μM for 12 and 24h, respectively, and CCK-8 was used to detect 
cell viability. The results showed that the damaging effects of DOX on cardiomyocytes were dose- and time-dependent 
(Figure 1A). After the treatment of H9c2 cardiomyocytes with 0.5, 1.0, 2.5, 5, 10, 20μM CBD for 12h or 24h, the 
results showed that CBD treatment did not induce cardiomyocyte injury (Figure 1B), which validated its biosafety. In 
the following experiments, cells were divided into five groups: control group, DOX group, 5μM CBD group, 10μM 
CBD group, 20μM CBD group. As shown, under a microscope, shrinkage was observed in the cells of the DOX group, 
and CBD treatment reversed this change in a dose-dependent manner (Figure 2A). Immunofluorescence showed that 
DOX treatment upregulated ROS levels in H9c2 cells, suggesting that the DOX-induced oxidative stress response 
aggravates cardiomyocyte injury, while CBD treatment reduced ROS levels (Figure 2B). Consistently, the TUNEL 
assay showed that CBD reversed DOX-induced apoptosis in H9c2 cells (Figure 3A), and Western blotting showed that 
CBD treatment reversed the downregulation of the anti-apoptotic protein Bcl2, and upregulation of the pro-apoptotic 

Figure 1 DOX shows cardiotoxicity effects, and CBD shows no cardiotoxicity effects on H9c2 cells. (A and B) H9c2 cardiomyocytes were treated with different concentrations of 
DOX (A) and CBD (B) for 12 h or 24 h, and CCK-8 was used to detect cell viability. All of the experiments were repeated independently for 3 times. *, **, *** represent P<0.05, 
P<0.01, P<0.001, vs 0 μM group, respectively. 
Abbreviations: DOX, doxorubicin; CBD, Cannabidiol.
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proteins Bax and cleaved caspase-3 (Figure 3B). These data confirmed that CBD ameliorated DOX-induced cardio
myocyte injury.

CBD Modulates of Hippo Pathway in Cardiomyocytes Treated With DOX
Next, the effects of CBD on the protein expression levels of regulators of the Hippo pathway were investigated. Western 
blot showed that, DOX treatment increased the phosphorylation levels of MST1, LATS1 and YAP, and reduced the 
expression of TEAD4; after DOX treatment, the phosphorylation levels of MST1, LATS1 and YAP were reduced, and 
the expression of TEAD4 was up-regulated (Figure 3C). These data suggested that the Hippo pathway may be involved 
in the cardioprotective effects of CBD in cardiomyocytes against DOX.

Inhibition of YAP Reverses the Cardioprotective Effects of CBD on Cardiomyocytes
To validate whether CBD exerted cardioprotective effects on cardiomyocytes via Hippo signaling, siRNAs targeting YAP were 
transfected into H9c2 cells (Supplementary Figure 3) and then H9c2 cells were treated with DOX and CBD. 
Immunofluorescence showed that after DOX treatment, the level of nuclear YAP decreased, and CBD treatment reversed this, 
but after the depletion of YAP, the level of nuclear YAP decreased again (Figure 4A). After DOX treatment, the levels of MDA 
and SOD in H9c2 cells were markedly upregulated, and CBD treatment reversed these effects. If YAP was silenced, the 
cardioprotective effects of CBD were almost completely abolished (Figure 4B and C). Similarly, the TUNEL assay and flow 
cytometry showed that CBD reduced DOX-induced injury in H9c2 cells dependent on YAP (Figure 5A and B). Additionally, 
Western blot showed that DOX treatment increased the expression levels of p53, Bax, cleaved caspase 3, and reduced the 
expression levels of p-PI3K, p-AKT and Bcl2, which were reversed by CBD treatment; while after YAP was silenced, the effects 
of CBD were abrogated (Figure 5C). Collectively, these data suggested that CBD protected cardiomyocytes against DOX via the 
Hippo pathway.

Figure 2 CBD shows cardioprotective effects against DOX treatment via ameliorating oxidative stress. (A) H9c2 cells were divided into 5 groups: control group, DOX 
group, 5μM CBD group, 10μM CBD group, 20μM CBD group. Then the morphology of the cells was observed under a microscope. (B) Immunofluorescence was applied to 
observe ROS level in different groups of H9ce cells (n=6 in each group). All of the experiments were repeated independently for 3 times. ### represents P<0.001 vs the 
control group. **, *** represent P<0.01, P<0.001, vs DOX group, respectively. 
Abbreviations: DOX, doxorubicin; CBD, Cannabidiol.
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CBD Shows Cardioprotective Effects Against DOX-Induced Myocardial Injury in vivo 
via Hippo Pathway
To further verify that CBD mitigated DOX-induced myocardial injury via the Hippo pathway, a mouse model of DOX- 
induced myocardial injury was established. HE staining showed that, in the control group, the myocardial tissue were 
normal, with clear edges and neatly arranged myocardial fibers; conversely, after DOX treatment, the swelling of cells 
were obvious, and the arrangement of myocardial fibers was dysregulated; after CBD treatment, the morphological 
changes of myocardial tissues were partly reversed, and the swelling of cardiomyocytes was significantly ameliorated; 
however, after VP treatment, the effects of CBD were markedly counteracted (Figure 6A). Consistently, WGA staining 
showed that compared to the control group, the cross-sectional area of cardiomyocytes was remarkably enlarged in the 
DOX treatment group, which was reversed by CBD treatment, and VP treatment reversed this role of CBD (Figure 6B). 
Western blotting was performed to detect the expression of Hippo pathway-related proteins. DOX treatment reduced the 
expression levels of YAP and TEAD4 but promoted the expression levels of p-YAP, p-MST1, and p-LATS1 (Figure 6C). 
Additionally, the TUNEL assay showed that the apoptosis level of myocardial tissues was significantly promoted, and 
CBD treatment reduced the apoptosis of cardiomyocytes, and VP counteracted CBD’s function of CBD (Figure 7A). 
Consistently, Western blotting showed that the PI3K/Akt pathway was inactivated in myocardial tissues, and the 

Figure 3 CBD shows cardioprotective effects against DOX treatment via repressing apoptosis and modulating Hippo pathway. (A) TUNEL assay was used to evaluate the 
apoptosis of H9c2 cells in different groups (n=6 in each group). (B) Western blot was used to detect apoptosis-related proteins including Bcl2, Bax and cleaved caspase-3 
(n=3 in each group). (C) Western blotting was used to detect the levels of p-MST1, p-LATS1, p-YAP, MST1, LATS1, YAP, and TEAD4 in H9c2 cells from different groups (n=3 
in each group). All of the experiments were repeated independently for 3 times. ### represents P<0.001 vs the control group. *** represents P<0.001, vs DOX group. 
Abbreviations: DOX, doxorubicin; CBD, Cannabidiol.
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expression levels of pro-apoptotic proteins (Bax, p53, and cleaved caspase 3) were increased, while the expression level 
of anti-apoptotic protein Bcl2 was reduced; CBD treatment activated the PI3K/Akt pathway and reversed the dysregula
tion of apoptosis-related proteins, and VP counteracted CBD’s biological effects (Figure 7B). Biochemical tests showed 
that DOX induced upregulation of LDH, CK-MB, and MDA, and downregulation of SOD; CBD treatment reversed these 
effects, and after VP treatment, the effects of CBD were abrogated (Supplementary Figure 4). Take together, with in vivo 
data, these data suggest that CBD has certain cardioprotective effects against DOX-induced cardiomyocyte apoptosis and 
heart injury via Hippo pathway.

Discussion
DOX is an anti-tumor anthracycline antibiotic. The most prominent side effect of DOX is cardiotoxicity, which can 
manifest as acute ventricular dysfunction, dilated cardiomyopathy, and heart failure and the side effects may appear many 
years after the end of treatment.2,3 DOX cardiotoxicity is related to ultrastructural changes in cardiomyocytes, accom
panied by myofibrillar disorders, and DOX increases the number of lysosomes, and induces contraction of chromatin and 
nucleoli.21 Mitochondrial damage during DOX treatment may lead to insufficient energy supply to the heart, causing an 
imbalance between ROS/reactive nitrogen species (RNS) and antioxidants, and oxidative stress which further aggravates 
damage to cardiomyocytes and eventually leads to apoptosis.22 In this study, we found that DOX treatment significantly 
altered the morphology of H9c2 cells, enhanced the level of oxidative stress, and increased apoptosis. In animal models, 
DOX treatment caused damage to myocardial tissues in mice. These results are consistent with previous reports,2,3,15,16 

indicating that the DOX cardiotoxicity models were successfully constructed.

Figure 4 Depletion of YAP reverses the effects of CBD on the oxidative stress of cardiomyocytes in vitro. (A) H9c2 cells were divided into 5 groups: control group, DOX 
group, CBD treatment group, CBD treatment + YAP siRNA group, CBD treatment + control siRNA group. Immunofluorescence was applied to detect the expression and 
subcellular location of YAP (n=6 in each group). (B and C) The levels of SOD (B) and MDA (C) in H9c2 cells were detected to evaluate the oxidative stress of the cells 
(Figure 5B and C) (n=6 in each group). All of the experiments were repeated independently for 3 times. ## represents P<0.01 vs the control group. ** represents P<0.01, vs 
DOX group. ^^ represents P<0.01, vs CBD group. 
Abbreviations: DOX, doxorubicin; CBD, Cannabidiol; si-YAP, siRNA targeting YAP; si-NC, negative control siRNA.
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CBD was first isolated from plants in 1940 and its structure was determined in 1963.23 Nowadays, it can not only be 
extracted from the flowers and leaves of cannabis plants but also chemically synthesized, and it has the potential to be 
secreted by microorganisms after fermentation.24 These properties provide an industrial basis for their application in 
drugs. CBD has shown promise in treating chronic pain, can relieve a variety of body inflammation, and is a potential 
alternative to certain painkillers in some patients.8,25 CBD can also reduce autonomic nervous excitation, regulate heart 
rate and breathing, and relieve anxiety and panic in users.26,27 CBD has neuroprotective effects in preclinical models.28 In 
recent years, some studies have reported that CBD inhibits the malignant phenotypes of tumor cells, suggesting that it 
may be used as an adjuvant therapy for patients.10–12 In this study, in both cell and animal models, we found that CBD 
can reduce DOX-induced oxidative stress and apoptosis of cardiomyocytes, and reduce myocardial damage, which is 
consistent with the previously reported cardioprotective properties of CBD.13–17 As another kind of cardioprotective 
agent, dexrazoxane probably reduce the effect of DOX.29 On the contrary, increasing evidence supports CBD sensitize 
cancer cells to DOX.30–32 Our study suggests that CBD may not only play a synergistic role in killing tumor cells in 
patients receiving DOX treatment but may also reduce the side effects of this important chemotherapy drug, which has 
certain advantages compared with dexrazoxane. Additionally, as mentioned above, CBD-based pharmaceuticals hold 
promise in pain management, which may be helpful to control cancer pain.8,25 It is also worth noting that, some clinical 

Figure 5 Depletion of YAP reverses the effects of CBD on the apoptosis of cardiomyocytes in vitro. (A) TUNEL assay was applied to detect the apoptosis of H9c2 cells after 
DOX treatment, CBD treatment and YAP knockdown (n=6 in each group). (B) Flow cytometry was applied to detect the apoptosis of H9c2 cells after DOX treatment, CBD 
treatment and YAP knockdown (n=6 in each group). (C) Western blotting was used to detect apoptosis-related proteins including Bcl2, Bax, cleaved caspase-3, p53, PI3K, 
p-PI3K, Akt, and p-Akt (n=3 in each group). All of the experiments were repeated independently for 3 times. ### represents P<0.01 vs the control group. *** represents P<0.001, 
vs DOX group. ^^^ represents P<0.001, vs CBD group. 
Abbreviations: DOX, doxorubicin; CBD, Cannabidiol; si-YAP, siRNA targeting YAP; si-NC, negative control siRNA.
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trials have demonstrated the safety of CBD application in clinical practice.33–35 These previous studies suggest the 
versatility and safety of CBD in the management of cancer patients. Of course, the appropriate dose of CBD to prevent/ 
ameliorate myocardial damage deserves further investigation in the following work.

The Hippo pathway is an important signaling pathway that regulates cell apoptosis and proliferation and is a key 
regulatory factor in cardiac development.20,36 Activation of the Hippo signaling pathway, with increased expression and 
phosphorylation levels of MST1, inhibits the expression of downstream genes related to cell proliferation and promotes 
the expression of genes related to apoptosis by promoting YAP/TAZ phosphorylation.18,19 Many studies have reported 
the function of the Hippo signaling pathway in myocardial injury and other cardiovascular diseases. Activation of the 
Hippo signaling pathway prevents heart muscle regeneration, whereas silencing its activity can reverse heart failure.37,38 

Notably, several studies have reported that activation of the Hippo signaling pathway is associated with DOX-related 
heart injury. A recent study reported that doxorubicin treatment induced MST1 phosphorylation in both cellular and 
animal models.39 In human induced pluripotent stem cell-derived cardiomyocytes, the expression levels of YAP and TAZ 
are negatively correlated with the degree of myocardial injury.40 In this study, through bioinformatics analysis, we found 
that the Hippo signaling pathway is involved in DOX-induced myocardial injury, which is consistent with previous 
reports. Interestingly, some studies have reported that some natural drugs can protect cardiomyocytes by regulating the 
Hippo signaling pathway. For example, glycyrrhizic acid ameliorates ischemia reperfusion-induced cardiomyocyte injury 
by repressing Hippo/YAP signaling.41 This suggests that some natural drugs may reduce myocardial damage by 
regulating the Hippo signaling pathway. In this study, using molecular docking, we found that CBD can bind to multiple 
key mediators of the Hippo signaling pathway. Both in vitro and in vivo experiments confirmed that CBD could inhibit 

Figure 6 CBD shows cardioprotective effects against DOX-induced myocardial injury in mice via Hippo pathway. (A) The mice were divided into 4 groups. The control group, 
DOX treatment group, DOX treatment + CBD treatment group, DOX treatment + CBD treatment + VP treatment group (n=10 in each group). HE staining was applied to detect 
the injury of myocardial tissues (n =6 in each group). (B) WGA staining was applied to detect the injury of myocardial tissues in the mice of different groups (n =6 in each group). (C) 
Western blotting was performed to detect the expression levels of Hippo pathway-related proteins, including p-MST1, p-LATS1, p-YAP, MST1, LATS1, YAP and TEAD4, in the 
myocardial tissues of mice (n=3 in each group). ### represents P<0.001 vs the control group. *** represents P<0.001, vs DOX group. ̂ ^^ represents P<0.001, respectively, vs DOX 
+CBD group. 
Abbreviations: DOX, doxorubicin; CBD, Cannabidiol; VP, verteporfin.
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Figure 7 CBD regulates apoptosis-related pathways in vivo via a Hippo pathway-dependent manner. (A) TUNEL assay was used to detect the apoptosis of cardiomyocytes in 
myocardial tissues of the mice in different groups (n=6 in each group). (B) Western blotting was used to detect apoptosis-related proteins including Bcl2, Bax, cleaved caspase-3, 
p53, PI3K, p-PI3K, Akt, and p-Akt, in the myocardial tissues of mice in different groups (n=3 in each group). ### represents P<0.001 vs the control group. *** represents P<0.001, 
vs DOX group. ^^^ represents P<0.001, respectively, vs DOX+CBD group. 
Abbreviations: DOX, doxorubicin; CBD, Cannabidiol; VP, verteporfin.
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the phosphorylation of MST1 and LATS1 and that the effects of CBD on DOX-induced myocardial injury depend on its 
regulatory effects on the Hippo signaling pathway. A previous study has reported that CBD protects against DOX- 
induced myocardial damage by mitochondrial function and biogenesis in cardiomyocyte.42 Our work report a new 
mechanism by which CBD exerts cardioprotective effects against DOX.

The present study had some limitations. Although molecular docking shows good binding affinity between CBD and 
regulators of the Hippo pathway, there is still no direct evidence of binding between CBD and these proteins. In future 
work, technologies such as HPLC-MS will be helpful for validating this. Additionally, the downstream genes of the 
Hippo pathway were not detected, and this should be done in future studies, which will help fully explain the 
cardioprotective effect of CBD. It’s also worth noting that, in the present work, for the Western blotting assays based 
on mouse tissues, there were only 3 independent observations per experimental group, and this may be not enough for 
precise statistical analysis.43 In the following work, a more practical quantitative technique should be used to investigate 
the effects of CBD on Hippo pathway and apoptosis-related pathway in vivo, to make our conclusion more convincing. 
Additionally, only acute myocardial injury models were used in the present work, however, cardiac insufficiency due to 
DOX’s cardiotoxicity, in some cases, occur several months even several years after the chemotherapy.44 So it is 
impractical for us to observe the effects of CBD on cardiac function recovery or preventing late-onset cardiotoxicity 
in the long term, and epidemiological investigation and clinical trials with long follow-up may help answer this question 
in the future.

Conclusion
Overall, this study reports that CBD alleviates DOX-induced myocardial injury by regulating the Hippo pathway. Before 
its application in clinical practice, its efficiency and safety should be rigorously validated.
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