
 
 

 

 
 

Cannabidiol promotes fin regeneration and reduces apoptosis in zebrafish embryos

Xu, Shisan; Zhang, Huan; Li, Cun-Zhao; Lai, Ping-Shan; Wang, Guijiang; Chan, Yu Suen;
Cheng, Shuk Han; Chen, Xueping

Published in:
Journal of Functional Foods

Published: 01/11/2021

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY-NC-ND

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1016/j.jff.2021.104694

Publication details:
Xu, S., Zhang, H., Li, C-Z., Lai, P-S., Wang, G., Chan, Y. S., Cheng, S. H., & Chen, X. (2021). Cannabidiol
promotes fin regeneration and reduces apoptosis in zebrafish embryos. Journal of Functional Foods, 86,
[104694]. https://doi.org/10.1016/j.jff.2021.104694

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/cannabidiol-promotes-fin-regeneration-and-reduces-apoptosis-in-zebrafish-embryos(c0c82b0a-5f43-473a-8e68-1503d82d7f98).html
https://doi.org/10.1016/j.jff.2021.104694
https://scholars.cityu.edu.hk/en/persons/yu-suen-chan(e30d5bb6-0c9e-453f-bd4c-1da9300542f7).html
https://scholars.cityu.edu.hk/en/persons/shuk-han-cheng(0889b9c1-3c83-4733-9be5-58eb7158563f).html
https://scholars.cityu.edu.hk/en/publications/cannabidiol-promotes-fin-regeneration-and-reduces-apoptosis-in-zebrafish-embryos(c0c82b0a-5f43-473a-8e68-1503d82d7f98).html
https://scholars.cityu.edu.hk/en/publications/cannabidiol-promotes-fin-regeneration-and-reduces-apoptosis-in-zebrafish-embryos(c0c82b0a-5f43-473a-8e68-1503d82d7f98).html
https://scholars.cityu.edu.hk/en/journals/journal-of-functional-foods(8f55eeca-2c1c-4015-9d66-fc7f2d5f3e3b)/publications.html
https://doi.org/10.1016/j.jff.2021.104694


Journal of Functional Foods 86 (2021) 104694

Available online 24 August 2021
1756-4646/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Cannabidiol promotes fin regeneration and reduces apoptosis in 
zebrafish embryos 

Shisan Xu a,b,1, Huan Zhang c,1, Cun-Zhao Li d, Ping-Shan Lai d, Guijiang Wang e, Yu Suen Chan f, 
Shuk Han Cheng f, Xueping Chen c,* 

a School of Life Sciences, Guangxi Normal University, Guilin 541004, China 
b Guangxi Universities Key Laboratory of Stem cell and Biopharmaceutical Technology, Guangxi Normal University, Guilin 541004, China 
c Vitargent (International) Biotechnology Limited, Unit 516, 5/F. Biotech Centre 2, No. 11 Science Park West Avenue, Hong Kong Science Park, Shatin, Hong Kong, 
China 
d Department of Chemistry, National Chung Hsing University, Taichung 402, Taiwan 
e Heilongjiang Academy of Agricultural Sciences, Xuefu Rd 368, Nangang District, Harbin, Heilongjiang, China 
f Department of Biomedical Sciences, College of Veterinary Medicine and Life Science, City University of Hong Kong, Hong Kong, China   

A R T I C L E  I N F O   

Keywords: 
Cannabidiol 
Zebrafish 
Regeneration 
Inflammation 
Apoptosis 

A B S T R A C T   

Cannabidiol (CBD) extracts have gained attention for their therapeutic efficacy. The present study used a 
zebrafish embryo caudal fin amputation model and found 1.25 mg/L crude CBD extract accelerated caudal fin 
regeneration and reduced apoptosis after amputation, while not altering mitotic regenerating cells. The purity of 
the CBD extract was 55.5 ± 0.37%. Pure CBD promoted fin regeneration and inhibited neutrophil accumulation 
in a dose-dependent manner, while these effects were not seen in a high concentration of CBD (2.5 mg/L), 
possibly due to the toxicity of the high dose. An equivalent amount of pure CBD (0.625 to 1.25 mg/L) enhanced 
regeneration and reduced apoptosis similarly to crude CBD extract (1.25 mg/L). Additionally, CBD reduced the 
gene expression level of cxcl8, tnf-a, and il-1β, and protein expression level of IL-1β, Caspase 3, and PARP, but not 
Bcl-2 or Bax. These results suggest that CBD exerts its effect on wound pro-regeneration in part by modulating the 
inflammatory response and the IL-1β/Caspase 3/PARP signal pathway.   

1. Introduction 

Cannabis has been used for various medicinal and recreational pur-
poses for millennia (Achenbach et al., 2018; Zuardi, 2006). Cannabidiol 
(CBD) and Δ9-tetrahydrocannabinol (THC) are the two main constitu-
ents in Cannabis sativa. Compared with THC, CBD displays a lower af-
finity to endogenous cannabinoid receptors (CB-1, CB-2); (McPartland 
et al., 2007). An increasing body of literature has documented that CBD 
can affect the bioactivity of THC (Achenbach et al., 2018; Boggs et al., 
2018; Samarut et al., 2019). For example, CBD is considered a non- 
psychotomimetic compound that has been used for several neuropsy-
chiatric disorders as a therapeutic treatment, including epilepsy and 
insomnia (Dos Santos et al., 2021). Over the past decades, more atten-
tion and interest has focused on CBD extracts for medicinal purposes to 
treat various diseases, such as Alzheimer’s, cancer, and wound healing 
(Berger et al., 2020; Cheng et al., 2014; Stewart and Fong, 2020). The 

recent efforts in CBD legalization in the United States, Canada, and 
Brazil are based on the multiple potential therapeutic efficacies of CBD 
(Brucki et al., 2015; Valim Brigante et al., 2018). Bolstering support for 
legalization, the market share of CBD in the US reached $2.1 billion in 
2020 (Murphy, 2016). Therefore, cannabis Sativa is considered a highly 
promising medicinal plant, albeit one that is frequently used in an illicit 
manner worldwide. 

Many publications have documented and reviewed the functions of 
CBD; including investigations into the antiepileptic, anticonvulsant, 
anxiolytic, antipsychotic, anticancer, and antirheumatic efficacies 
(Nazario et al., 2015). Although the exact mechanism underlying the 
therapeutic effect is not fully understood, most scientists and physicians 
propose that CBD exerts its functions via the endocannabinoid system 
(CB-1, CB-2), adenosine, and serotonin (5-HT) receptors. Other re-
ceptors such as orphan G-protein-coupled receptor GPR55, transient 
receptor potential of melastatin type 8 (TRPM8), glycine receptors α1/ 
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α3 and transient receptor potential of ankyrin type 1 (TRPA1) are also 
activated by CBD (Devinsky et al., 2014; Nazario et al., 2015). The ac-
tion of CBD is model dependent; meaning efficacy varies depending on 
the biological milieu under question, i.e. disease state, genotype, and 
phenotype. For example, normal healthy human cells (i.e. keratinocytes, 
fibroblast, etc.) exposed to CBD result in inhibition of cell migration, 
proliferation, and the inflammatory response, while stimulating 
apoptosis and ROS production at high concentration (Pagano et al., 
2020). In tumor cells, such as squamous cell carcinoma, breast cancer, 
and glioma cells, treatment with CBD inhibited cell proliferation and 
migration as well as promoted cell death. The mechanism underlying the 
action of CBD in apoptosis may be the reduction in mitochondrial 
membrane potentials triggering the release of cytochrome c into the 
cytosol, and the subsequent increase in production of reactive oxygen 
species (ROS), which mediate the expression of AKT/p-mTOR, Bcl-2, 
and caspase 3/8/9. Additionally, it has been noted that CBD-mediated 
apoptosis signals cross-talk with autophagy signals under the involve-
ment of Beclin 1 (Go et al., 2020; Massi et al., 2006; Shrivastava et al., 
2011). It has also been reported that CBD-induced apoptosis works via 
modulation of the expression of XIAP/Smac and COX-2/PPAR-γ in 
gastric and lung cancer (Jeong et al., 2019; Ramer et al., 2013). In 
neurons and cardiomyocytes subjected to injury or stress it is believed 
that CBD exerts a protective function. The protection strategies are 
realized through anti-apoptosis signal pathways (Ceprián et al., 2017; da 
Silva et al., 2018; Iuvone et al., 2004; Lin et al., 2020). The anti- 
apoptosis action in neurons and cardiomyocytes reduces the inflam-
matory response which may be a corollary process mediated by the CB-2 
endocannabinoid system (Castillo et al., 2010; Mecha et al., 2012; 
Rajesh et al., 2010; Szaflarski and Martina Bebin, 2014). In recent years 
it has been found that CBD accelerated wound healing in various models 
in vitro and in vivo by promotion of cell differentiation, migration, and 
anti-inflammation (Apostu et al., 2019; Cardinal von Widdern et al., 
2020; Krohn et al., 2016; Sangiovanni et al., 2019). 

Zebrafish share up to 82% of disease-related orthologues with 
humans (Howe et al., 2013). In addition, zebrafish are easy to rear and 
genetically manipulate, exhibit many genetic phenotypes and specific 
proteins are similar and highly conserved with those in humans. For 
example, CB-1 and CB-2 are highly conserved between zebrafish and 
humans. The transcript of cb-1 has been detected as early as the 3-somite 
stage in zebrafish and the expression was restricted in the central ner-
vous system at 24 h post-fertilization (hpf) (Lam et al., 2006). Further, 
the expression of cb-2 appeared before 24 hpf (Sufian et al., 2019), and 
was expressed in peripheral tissues (gills, heart, intestine, and muscle), 
the immune tissue (spleen) and central nervous system in adult zebrafish 
(Rodriguez-Martin et al., 2007). Moreover, zebrafish have become a 
popular model in recent years for pharmacological research to screen 
psychotropic drugs. Zebrafish epileptic models have been well produced 
and documented by scientists (Griffin et al., 2020; Samarut et al., 2019; 
Thornton et al., 2020). Most of the publications have focused on the 
toxicity and treatment of psychotic symptoms using a zebrafish model. 
In that regard, Valim Brigante et al. showed that zebrafish embryos 
exposed to CBD do not cause teratogenicity or neurotoxicity (Valim 
Brigante et al., 2018). Nevertheless, transient exposure to CBD altered 
branching patterns and reduced the number of axonal branches of motor 
neurons in the trunk musculature and led to behavioral abnormalities 
(Ahmed et al., 2018; Carty et al., 2018; Hasumi et al., 2020). Zebrafish 
exhibit a tremendous regenerative capability (González-Rosa et al., 
2017), therefore its surprising this model has not been used to study the 
regenerative efficacy of CBD. 

In the present work, a zebrafish embryo caudal fin amputation model 
was used and we found crude CBD extract promoted fin regeneration 
and reduced apoptosis of zebrafish embryos subjected to injury. The 
equivalent amount of pure CBD chemical recapitulated the regeneration 
action occurring in the crude CBD extract assay. CBD treatment atten-
uated the accumulation of neutrophils and apoptosis in the wound, and 
reduced the expression of IL-1, Caspase3, and PARP. The present work 

supports the role of CBD in modulating the inflammatory response and 
the IL-1β/Caspase 3/PARP signal pathway. Future work should expand 
the investigation of CBD clinical applications to wound healing. 

2. Materials and methods 

2.1. Chemicals 

Crude cannabidiol (CBD) extract was prepared, with slight modifi-
cation, from hemp by solvent extraction with ethanol as previously 
described (Pellati et al., 2018; Styrczewska et al., 2015). Briefly, 
cannabis leaves were dried, powdered, soaked with ethanol, separated 
through pressurized liquid extraction coupled with liquid 
chromatography-mass spectrometry (LC-MS/MS), and concentrated 
under nitrogen gas flow to obtain the crude CBD extract. Pure canna-
bidiol chemical (≥98% HPLC purity) powder was purchased from 
Sigma-Aldrich (cat. number U4133). A 20 g/L stock solution of crude 
CBD extract and pure CBD were prepared in DMSO and stored at 4℃. 

2.2. Zebrafish maintenance 

Zebrafish AB line was purchased from Zebrafish International 
Resource Center (ZIRC) and reared in a controlled aquarium at Vitargent 
(International) Biotechnology Limited as previously described (Xu et al., 
2020b). 

2.3. Zebrafish embryo acute toxicity test 

The acute toxicity test was performed as we described previously (Xu 
et al., 2020b). Briefly, healthy zebrafish embryos at 4–128 cell stage 
(~2h-post-fertilization, hpf) were exposed to a serial concentration of 
crude CBD extract (25, 12.5, 5, 2.5, 1.25, 0.625 and 0 mg/L). Results 
were observed at 48 hpf and 72hpf with the median lethal concentration 
(LC50) calculated using GraphPad prism 8. The maximum non-lethal 
concentration (MNLC) was determined according to the exposure 
result. The assay was repeated three times. 

2.4. Zebrafish embryo fin regeneration test 

Healthy 3 dpf zebrafish embryos were anesthetized using 0.02% MS- 
222 in fish culture medium (94.0 mg/L CaCl2, 123.3 mg/L MgSO4⋅7H2O, 
63.0 mg/LNaHCO3 and 5.5 mg/L KCl) for 2 min, and then transferred to 
a 1.5% agarose plate. The caudal fin was amputated with a sharp blade, 
then rinsed with fish water. Subsequently, the amputated embryos were 
exposed to a serial concentration (1/2 MNLC ~ 1/25 MNLC) of crude 
CBD extract or pure CBD chemical, or fish culture medium as control. 
The exposure experiment was performed in a 96-well plate with 1 em-
bryo and 200 μL of the corresponding solution per well. Each treatment 
contained at least 15 embryos. The embryos were anesthetized and 
transferred to a 1% agarose plate, and the image of the regenerating fin 
was captured under a stereomicroscope at 48- and 72-hours post- 
amputation (hpa). The length of the regenerating fin was measured 
using Image J. 

2.5. TUNEL staining 

Zebrafish embryos of each treatment were fixed with 4% PFA for 2 h 
at room temperature and then rinsed with PBST (0.5% triton in PBS), 
and dehydrated with a serial grade concentration of methanol (25%- 
50%-75%-100%-100%, prepared with PBST). Subsequently, the samples 
were rehydrated with methanol (75%-50%-25%-PBST), and apoptotic 
cells in the wound area of the zebrafish fin were labeled with the 
DeadEnd™ Fluorometric TUNEL System (G3250; Promega) according to 
manufacturer’s instructions. Images were captured under a fluorescent 
stereomicroscope (Leica MZ10F, Leica), and the number of apoptotic 
cells in the wound area were counted. 
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2.6. Quantitative real-time PCR (qRT-PCR) 

After exposure to crude CBD extract for 6 and 48 h, fin-amputated 
embryos were collected. The tail of 12 embryos of each treatment 
were collected and pooled together and total RNA was extracted using 
Trizol (9109; Takara Bio. Inc.). The RNA extraction and qRT-PCR were 
carried out as described previously (Xu et al., 2020b). Three to four 
biological replicates of each treatment were performed. The primer se-
quences are listed in Table 1. 

2.7. Immunohistochemistry 

Zebrafish embryos with fin amputation were treated with crude CBD 
extract for 48 h and fixed with 4% PFA for 2 h at room temperature. The 
mitotic cells were labeled with anti-pH3 antibody as previously 
described (Xu et al., 2020b). The primary and secondary antibodies used 
in this assay were rabbit anti-phospho-Histone H3 (Ser10) (06–570; 
Millipore) and FITC conjugated goat anti-Rabbit IgG Antibody (AP307 F; 
Sigma-Aldrich), respectively. Images were captured under a fluorescent 
stereomicroscope (Leica MZ10F, Leica), and the number of apoptotic 
cells in the wound area were counted. 

2.8. Crude CBD extract RP-HPLC analysis 

The CBD quantitative analysis was determined with a slight modi-
fication by the RP-HPLC method (Mandrioli et al., 2019), using an 
Hitachi Chromaster L-2455 Diode Array Detector equipped with a 
Hitachi Chromaster L-2130 pump and a C18-PFP 3 μm column (4.6 ×
150 mm). Gradient eluent consisted of A: 0.085% phosphoric acid in 
water and B: 0.085% phosphoric acid in acetonitrile. Gradient elution: 
70% of B up to 4.5 min, change to 95% of B in 1.5 min, keep 95% of B for 
4 min, change to 70% of B in 3 min, keep 70% B for 2 min for the next 
injection. The injection volume was 20 μL, and the flow rate was 0.8 mL/ 
min. Detection was performed using a DAD detector with an absorption 
wavelength at 220 nm. The retention time of CBD was approximately 
9.5 min. A stock solution of CBD was prepared in methanol at a con-
centration of 1 mg/mL. The CBD stock solution was diluted with 
methanol from 3.9 to 500 μg/mL. The correlation coefficient of 0.999 for 
the concentration range from 3.9 to 500 μg/mL showed good linearity. 

The assay was replicated three instances. 

2.9. Neutrophil staining 

Zebrafish embryos were fixed with 4% PFA for 2 h at room tem-
perature, rinsed with PBST 3 times, then washed with 50% ethanol for 3 
min. Subsequently, the ethanol was removed and stained with Sudan 
black solution (0.04% in 70% ethanol), shaking gentle. After 1 h, the 
staining solution was removed and washed with 70% ethanol several 
instances to reduce the background. Images were taken under a ste-
reomicroscope. The numbers of neutrophils in the wound area were 
counted. 

2.10. Western blotting 

Zebrafish embryos with the fin amputated were exposed to CBD and 
fish culture medium as a control for 6 h. A collection of 12 embryos from 
each treatment were pooled together and total protein content was 
extracted using the RIPA Lysis and Extraction Buffer (89901, Thermo 
Scientific) according to manufacturers’ instructions. The experiment 
was performed as described in our previous study (Xu et al., 2020a). The 
primary antibodies used in this study were: mouse anti-GAPDH 
(60004–1; Proteintech, Rosemont, IL, USA) at 1:10000, rabbit anti-IL- 
1β (16806–1-AP, Proteintech) at 1:200 rabbit anti-Caspase-3 (9662, 
CST) at 1:200, rabbit anti-PARP (9542, CST) at 1:200, Bcl-2 (SC7382, 
SCBT) at 1:200, Bax (2772, CST) at 1:200. For secondary antibodies, 
HRP-conjugated rabbit anti-mouse IgG (AP160P; Millipore) at 1:5000 
and HRP-conjugated goat anti-rabbit IgG (AP307P; Millipore) at 1:5000 
were used. 

2.11. Statistical analysis 

Statistical analysis was calculated using one-way ANOVA with 
Dunnett’s post hoc test or two-tailed t-test (GraphPad prism 8), and a p- 
value < 0.05 was considered statistically significant. Data were pre-
sented as means ± S.D. (standard deviation). 

3. Results 

3.1. CBD promoted zebrafish embryo fin regeneration 

We tested the acute toxicity of CBD extract using zebrafish embryos 
in order to find a suitable concentration. We found the LC50 was ~ 4.4 
and 3.7 mg/L at 48 and 72 hpf, respectively. The maximum non-lethal 
concentration (MNLC) of CBD extract at 72 hpf was 1.25 mg/L 
(Fig. 1A, B). We next determined the purity of CBD in the crude extract 
based on headspace solid-phase microextraction (HS-SPME) coupled 
with gas chromatography-mass spectrometry (GC–MS) and gas 
chromatography-flame ionization detector (GC-FID) (Fig. 1C). The re-
sults indicate that the purity of crude CBD extract was 55.5 ± 0.37% 
(55.6%, 55.9%, 55.0%). Thus, the absolute CBD content in 1.25 mg/L 
crude CBD extract was ~ 0.694 mg/L. 

In order to investigate the potential function of CBD extract, we cut 
the caudal fin of 3 dpf zebrafish embryos and exposed them to CBD 
extract at the following concentrations: 1.25, 0.5, 0.25, and 0.1 mg/ L. 
The length of the regenerating fin was measured at 2 and 3 dpa. The 
results showed the regenerating fin of zebrafish embryos exposed to 
0.1–0.5 mg/L crude CBD extract was slightly enhanced in length at 2 and 
3 dpa (non-significantly). However, when the concentration of CBD 
extract reached 1.25 mg/L, the length of the regenerating fin was 
significantly elongated by 23.9% and 19.5% at 2 and 3 dpa, respectively 
(Fig. 2A-C). These results suggest that crude CBD extract promoted 
zebrafish fin regeneration in a dose-dependent manner. Next, we wanted 
to know whether CBD in the crude extract contributed to zebrafish fin 
regeneration. We first tested the acute toxicity of pure CBD with 
zebrafish embryos, and MNLC was 2.5 mg/L (data not shown). Then, we 

Table 1 
Primer sequence for qRT-PCR.  

fgfr1a F GTGGGCTTCTTCCTCATCTGTGTG 
fgfr1a R GGGAAGCTCGTATTCGGAGACC 
fgf20a F TGTGGATAGCGGATTGTATCTG 
fgf20a R ACCAATTCTCCTCAAACTGCTC 
wnt10a F ATTCACTCCAGGATGAGACTTCATA 
wnt10a R GTTTCTGTTGTGGGCTTTGATTAG 
msxb F GGTCAAACTCTTCATCTTTCACATC 
msxb R TCTTGTGCTTGCGTAAGGTG 
cyclin D1 F CAAGCCCTCCCTCCATGAT 
cyclin D1 R GCAACTGTCGGTGCTTTTCAG 
raldh2 F GGGGTAAAGTGGTAAAACGC 
raldh2 R GCAGTGGTCAAAAGCATGGC 
cxcl8-F GTCGCTGCATTGAAACAGAA 
cxcl8-R CTTAACCCATGGAGCAGAGG 
mpx-F CAGCTCTGGCTTCTGTGTCAA 
mpx-R GGCAGACTGTTGTCCTGTTG 
il-1β-F TTGTGGGAGACAGACAGTGC 
il-1β-R GATTGGGGTTTGATGTGCTT 
tnf-α-F ACAAGGCAATTTCACTTCCA 
tnf-α-R AGCTGATGTGCAAAGACACC 
cas3-F AAAAGGGCTCGTTAAGCGGT 
cas3-R GCCGATGTTGGGGTAGTTCA 
bax-F GGCTATTTCAACCAGGGTTCC 
bax-R TGCGAATCACCAATGCTGT 
bcl-2-F GAACTGGGGGCGGATCATTG 
bcl-2-R CCACGAAGGCATCCCAACC 
β-actin F GCTGACAGGATGCAGAAGGA 
β-actin R TAGAAGCATTTGCGGTGGAC  
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investigated the latent regenerative efficacy of pure CBD chemical at a 
concentration of 0.1, 0.25, 0.5, 0.625, 1.25, 2.5 mg/L. Here CBD 
accelerated fin regeneration in a dose-dependent profile. The results 
indicated that from 0.5 to 1.25 mg/L, CBD significantly accelerated 
zebrafish fin regeneration, and 0.625 mg/L CBD exhibited the best ef-
ficacy, while<0.25 or greater than 2.5 mg/L, CBD did not significantly 
accelerate fin restoration (Fig. 2D, E). The high concentration of pure 
CBD showed less efficacy to promote fin regeneration, which may be due 
to its toxicity at the high dose. 

3.2. CBD inhibited cell apoptosis after fin amputation 

It is widely accepted that de novo cell formation after apoptosis is an 
orchestrated process of tissue regeneration after injury (Bergmann and 
Steller, 2010). Since 1.25 mg/L crude CBD extract promoted zebrafish 
fin regeneration, we wondered whether this effect was realized via in-
hibition of cell apoptosis or proliferation. To explore this effect, we cut 
the fin of zebrafish embryos and immediately exposed the fish to 1.25 

mg/L CBD extract for 6 h. The TUNEL staining results showed the 
number of apoptotic cells in the wound of CBD extract-treated fish was 
less than the blank control (Fig. 3A, B). Subsequently, we wondered 
whether 0.625 mg/L pure CBD could recapitulate the effect observed in 
the reduction of cell death in the 1.25 mg/L CBD extract. Our results 
indicate that pure CBD treatment significantly reduced apoptotic cells in 
the injured fin of CBD-treated fish compared with control fish (Fig. 3C, 
D). 

Subsequently, qRT-PCR was used to assess the expression of fin 
regeneration-related marker genes including fgf20a, wnt10, msxb, 
raldh2, and cyclin D1 (Blum and Begemann, 2012; Mathew et al., 2009; 
Wehner et al., 2014). The qRT-PCR results showed that the expression 
level of fgfr1a was slightly inhibited with crude CBD extract treatment; 
however, the expression of fgf20a, wnt10, msxb, raldh2, and cyclin D1 
was not significantly altered (Figure S1A). Moreover, the immunofluo-
rescence assay showed that CBD extract slightly, but not significantly, 
reduced the number of mitotic cells in the wound of the regenerating fin 
(Figure S1B, C). These results suggest that CBD extract promotes 

Fig. 1. Zebrafish embryo acute toxicity and content of crude CBD extract. A, B. Curve charts showing the zebrafish embryo LC50 of crude CBD extract at 48 h (A) 
and 72 h (B). C. Chromatographic trace of crude CBD extract analyzed by HPLC-UV/DAD. 
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Fig. 2. CBD promoted zebrafish embryo fin regeneration. A. Representative images showing the regenerating fin of zebrafish embryos exposed to different 
concentrations of CBD extract. Red dashed lines indicate the initial cutting site of the fin, and green lines indicate the end of the regenerating fin at 48 hpa or 72 hpa. 
The distance between the red dashed line and the green line represents the length of fin regeneration. Scale bar: 200 μm. B, C. Bar chart showing the quantitative 
results of 48 hpa (B) and 72 hpa (C) in panel A. D. Representative images showing the regenerating fin of zebrafish embryos exposed to serial concentrations of pure 
CBD. Red dashed lines indicate the initial cutting site of the fin, and green lines indicate the end of the regenerating fin at 72 hpa. The distance between the red 
dashed line and the green line represents the length of fin regeneration. Scale bar: 200 μm. E. Bar chart showing the quantitative results in panel D. Asterisk in panel 
B, C and E representing the significant difference observed when compared with the blank control at p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***) level with one-way 
ANOVA test. 
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zebrafish fin regeneration though the inhibition of cell death, but not by 
inducing cell proliferation after injury. 

3.3. CBD inhibited neutrophil accumulation 

Since inflammation is critical for regeneration (Li et al., 2012; Xu 
et al., 2019b), we asked whether CBD extract or pure CBD chemical 
could reduce neutrophil accumulation in the wound. After exposure to a 
serial concentration of CBD extract (0.25, 0.5, 1.25 mg/L) or CBD 
(0.625, 1.25, 2.5 mg/L) for 3 h, fish were fixed and stained with Sudan 
black to visualize neutrophils in the injured area. We found that CBD 
extract inhibited neutrophil accumulation in a dose-dependent manner, 
which was similar to the fin regeneration profile in Fig. 2A. The results 
showed that CBD extract inhibited neutrophil accumulation in the 
injured area when the concentration reached 1.25 mg/L (Fig. 4A, B). 
The profile of pure CBD inhibiting neutrophil accumulation was similar 
to the fin regeneration pattern observed in Fig. 2D. The results indicate 
that 0.625 mg/L exhibited the best effect at inhibiting neutrophil 
accumulation in the wound area, 1.25 mg/L CBD reduced the number of 
neutrophils (albeit not significant), while 2.5 mg/L CBD did not affect 
neutrophil accumulation (Fig. 4C, D). These findings suggest that CBD 
inhibited the inflammatory response after injury in a dose-dependent 

manner, while low and high concentration of CBD exhibited less effi-
cacy. The results showed that the optimal concentration of CBD inhib-
iting neutrophil accumulation in zebrafish fin regeneration was 0.625 
mg/L; therefore, we used this concentration of pure CBD in the following 
studies. 

It has been reported that the inflammatory response involved in 
apoptosis is related to the regenerative process (Hasegawa et al., 2017; 
Xu et al., 2019a; Xu et al., 2019b). Therefore, we investigated whether 
0.625 mg/L pure CBD could affect the expression of inflammatory and 
apoptotic genes in the injured fin. The qRT-PCR results indicate that 
exposure to 0.625 mg/L CBD for 6 h significantly reduced the expression 
of cxcl8, tnf-α and il-1β. Most notably, the expression of tnf-α in the CBD- 
treated fish was almost undetectable. Moreover, the expression level of 
pro-apoptotic gene caspase 3 (cas3) and antiapoptotic gene bcl-2 was 
reduced by ~ 42% and induced more than two fold, respectively, albeit 
not significantly (p = 0.08 and p = 0.06, respectively, Fig. 5A). Since 
Caspase 3 and IL-1β directly mediated apoptosis in zebrafish (Hasegawa 
et al., 2017; Weber et al., 2016; Yamashita et al., 2008), we used western 
blotting to detect the expression level of the apoptotic related proteins. 
The western blotting assay suggested that exposure to CBD hindered the 
expression of IL-1β, Caspase 3, and PARP, but not Bcl-2 or Bax (Fig. 5B). 
These data indicate that CBD modulates apoptosis after injury, at least in 

Fig. 3. CBD inhibited apoptosis after fin amputation. A, C. Representative images showing apoptotic cells (white arrow) in the wound of 6 hpa zebrafish embryos 
with different regimens. Scale bar: 200 μm. B, D. Bar chart showing the quantification of apoptotic cells in the wound area (red dashed box) in panel A and C. 
Asterisks represent the results of the blank control was significantly different from the CBD extract or pure CBD treatment group at p < 0.001 level with a two-tail 
t-test. 

Fig. 4. CBD inhibited neutrophil accumulation in the wound area of the amputated fin. A, C. Representative images showing neutrophils (black arrowhead) in 
the fin wound area (green dashed box) of zebrafish treated with serial concentration of CBD extract (A) or pure CBD (C) at 3 hpa. B, D. Bar chart showing neutrophil 
quantification in the wound area in panel A (B) and C (D). Data above error bar represents the neutrophil number in the corresponding group. Asterisk indicates the 
statistical difference between the blank and treatment group at p < 0.05 level with a one-way ANOVA test. 
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part through the IL-1β/Caspase 3/PARP signal pathway. 

4. Discussion 

Cannabidiol exerts therapeutic actions in various in vivo and in vitro 
research models, as an anti-epilepsy, anti-anxiolytic, anti-cancer, and 
anti-inflammation, chemical (Boggs et al., 2018; Devinsky et al., 2014; 
Go et al., 2020; Szaflarski and Bebin, 2014). It is known that CBD can 
increase bone regeneration via stimulation of osteoblast proliferation 
and osteoclast formation; however, the action of CBD on regeneration in 
the in vivo model is poorly understood (Apostu et al., 2019; Raphael- 
Mizrahi and Gabet, 2020). In the current study, we provided evidence 
and potential signal pathways that crude CBD extract and pure CBD 
promoted zebrafish fin regeneration. We found that crude CBD extract 
increased zebrafish embryo fin regeneration after amputation along 
with reducing apoptosis, but did not significantly affect cell prolifera-
tion. Moreover, the equivalent amount of pure CBD recapitulated the 
regeneration action of crude CBD extract, inhibiting the inflammatory 
response, reducing the number of apoptotic cells and decreasing the 
expression of cell death-related proteins (IL-1β, Caspase 3, and PARP), 
while not significantly affecting the expression of Bcl-2 and Bax. 

It has been reported that CBD (or cured extract) treatment promotes 
wound healing in the in vitro scratch model coupled with inhibition of 
the release of inflammatory cytokines. For example, Krohn et al. re-
ported that CBD enhanced wound healing in the in vitro endothelial and 
epithelial cell scratch injury assay, and mitigated trinitrobenzene sul-
fonic acid-induced colitis in mice (Krohn et al., 2016). Styrczewska et al. 
and Sangiovanni et al. showed that CBD (or extract) treatment promoted 
human fibroblast and keratinocyte wound healing in the in vitro scratch 
assay (Sangiovanni et al., 2019; Styrczewska et al., 2015). However, 
Cardinal von Widdern et al. found that CBD decelerated wound healing 
in mouse astrocytic-microglial cocultures in the scratch-wound assay 
(Cardinal von Widdern et al., 2020). Additionally, publications have 
demonstrated that CBD alters the expression of genes involved in wound 
healing (Sangiovanni et al., 2019; Styrczewska et al., 2015). Surpris-
ingly, in vivo experiments based on rats and horses have shown that CBD 
or extract do not promote wound healing, albeit reduce the inflamma-
tory response (Klein et al., 2018; McIver et al., 2020). In this regard, we 
found that 1.25 mg/L crude CBD extract accelerated fin regeneration 
using the in vivo zebrafish embryo model. Consistent with previous 
studies (Mecha et al., 2012; Styrczewska et al., 2015), we found that 
CBD did not promote cell proliferation. These results suggest that crude 
CBD extract promoted fin regeneration by reducing cell death, but does 
not stimulate cell proliferation. Since the purity of crude CBD extract 
was 55.5 ± 0.37%, the quantity of 0.625 mg/L pure CBD was considered 
an equivalent amount to 1.25 mg/L crude CBD extract. Importantly, 

0.625 mg/L CBD reduced the inflammatory response and enhanced fin 
regeneration, which indicate that CBD might be the ingredient in crude 
CBD extract contributing to fin regeneration. However, a high concen-
tration (2.5 mg/L) of CBD did not promote fin regeneration, suggesting 
that a high concentration of CBD could be linked to toxicity. Addition-
ally, our results showed that low and high concentration of CBD 
exhibited less efficacy in promoting zebrafish fin regeneration: there was 
an inverted U-shaped dose–response curve for CBD’s effects on zebrafish 
fin regeneration. This phenomenon is consistent with the evidence of 
CBD as an anxiolytic model (Huestis et al., 2019). 

Inflammation plays an essential role in tissue regeneration, and 
prolonged inflammation induces cell death, which hinders the regen-
erative process (Hasegawa et al., 2017; Li et al., 2012; Xu et al., 2019a; 
Xu et al., 2019b). Numerous studies indicate that CBD exerts anti-
apoptotic effects in injured organs by inhibiting the inflammatory 
response and downregulating cell death related signals such as Caspase 
3/9, PARP, PI3K/AKT, Bax/Bcl-2, etc (Baban et al., 2018; Ceprian et al., 
2017; da Silva et al., 2018; Lin et al., 2020; Rajesh et al., 2010). In the 
present work we found CBD inhibited neutrophil accumulation in the 
wound, along with reducing the expression of the neutrophil chemo-
attractant gene cxcl8. The expression of other inflammatory genes such 
as tnf-α, and il-1β were also inhibited. Additionally, our research results 
indicate that 0.625 mg/L CBD inhibited cell death, which was accom-
panied by inhibiting the expression of IL-1β, Caspase 3, and PARP, but 
not Bax or Bcl-2. This result was in line with reports that IL-1β and 
Caspase 3 directly or indirectly modulate apoptosis in zebrafish (Hase-
gawa et al., 2017; Weber et al., 2016; Xu et al., 2019a; Xu et al., 2019b; 
Yamashita et al., 2008). It has also been reported that IL-1β mediates 
human articular chondrocyte apoptosis through stimulating caspase-3 
and PARP in vitro (Shakibaei et al., 2007). These results indicate that 
CBD exerts an antiapoptotic effect, to some extent, through modulating 
the IL-1β/Caspase 3/PARP signal pathway. 

It has been previously reported that CBD is generally safe in animals 
and humans (Bergamaschi et al., 2011); however, this does not mean 
CBD is completely risk-free. There have been many clinical studies 
documenting the adverse effects of CBD in humans (reviewed by Huestis 
et al., 2019). For example, ~20% of epilepsy patients had a severe 
adverse effect (eg. status epilepticus, diarrhoea, weight decreased) to 
administration of 2–5 mg/kg CBD per day for 12 weeks (Devinsky et al., 
2014). In the present study, we found that the LC50 of CBD extract was 
4.4 mg/L and 3.7 mg/L at 48 and 72 hpf. According to fish toxicity 
categories (very toxic:LC50 < 1 mg/L, toxic:1 mg/L < LC50 < 10 mg/L; 
moderate toxic: 10 mg/L < LC50 < 100 mg/L, non-toxic: LC50 greater 
than 100 mg/L), CBD extract is defined as toxic to fish. Additionally, we 
showed that the maximum non-lethal concentration was 1.25 mg/L, 
which is equivalent to 1.25 mg/kg in humans. This concentration is safe 

Fig. 5. CBD attenuated the expression of inflammatory and apoptotic genes. A. The qRT-PCR results showing the relative expression level of inflammatory and 
apoptotic genes. Asterisks represent the blank control was significantly different from the CBD treatment group at p < 0.05 (*) and p < 0.01(**) level with a two- 
tailed t-test. B. Western blotting images showing the expression of cell death-related proteins in fin-cut zebrafish embryos exposed to CBD and control for 6 h. 
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for human administration (without death), but may lead to adverse ef-
fects. In the present study we found that CBD inhibited the inflammatory 
response and apoptosis after fin injury. Our results were consistent with 
previous studies showing CBD played a role in the inhibition of the in-
flammatory response. Thus, our findings implicate CBD extract could 
play a positive function in human injuries (eg. skin injury) by inhibiting 
the inflammatory response, reducing apoptosis and accelerating recov-
ery. In this regard, we will use a mouse skin injury model to verify the 
pro-regenerative efficacy of CBD in the next research project. 

5. Conclusion 

The present investigation demonstrated the regenerative effect of 
CBD using a in vivo fin-amputated zebrafish embryo model. Crude CBD 
extract promoted zebrafish fin regeneration and reduced cell death, but 
did not alter cell proliferation. The equivalent amount of pure CBD 
recapitulated the pro-regenerative action and inhibited neutrophil 
accumulation in the wound area, thereby attenuating the number of 
apoptotic cells and downregulating the expression of IL-1β, Caspase 3, 
and PARP. We propose that CBD exerts a pro-regenerative action via 
modulating the IL-1β/Caspase 3/PARP signal pathway to reduce cell 
death after injury. 
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protects against memory loss induced by high and non-anxiolytic dose of cannabidiol 
in adult zebrafish (Danio rerio). Pharmacology, Biochemistry and Behavior, 135, 
210–216. 

Pagano, Stefano, Coniglio, Maddalena, Valenti, Chiara, Federici, Maria Isabella, 
Lombardo, Guido, Cianetti, Stefano, et al. (2020). Biological effects of Cannabidiol 
on normal human healthy cell populations: Systematic review of the literature. 
Biomedicine & Pharmacotherapy, 132, 110728. https://doi.org/10.1016/j. 
biopha.2020.110728. 

Pellati, F., Brighenti, V., Sperlea, J., Marchetti, L., Bertelli, D., and Benvenuti, S. (2018). 
New Methods for the Comprehensive Analysis of Bioactive Compounds in L. (hemp). 
Molecules (Basel, Switzerland) 23. 
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