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Abstract 
 
The aim of the study was to determine the developmental toxicity of high-dose 

administration of vitamin D2 (vit. D2) and the synergistic effect of vit. D2 in co-treatment 

with quercetin. Zebrafish embryos at 6 hpf were treated with either vit. D2 (1, 5, 10 

˃ƎκƳ[ύ ƻǊ ǉǳŜǊŎŜǘƛƴ όрΣ мл ˃ƎκƳ[ύ ŀƭƻƴŜΦ ¢ƘŜ ǊŜǎǳƭǘǎ ŦǊƻƳ Ǿƛǎǳŀƭ ŀǎǎŜǎǎƳŜƴǘ ŀƴŘ 

morphological feature scoring revealed, the occurrence of different morphological 

abnormalities spiked and aggravated with an increase in vit. D2 dose. The percentage 

of hatching, heartbeats/minute, velocity, body length, and survivability rate was 

downregulated in high dose vit. D2 groups. Subsequently, the production of pro-

inflammatory cytokines and intracellular ROS was upregulated in high-dose vit. D2 

groups. Contrastingly, in the co-treatment of vit. D2 όр ˃ƎκƳ[ύ ŀƴŘ ǉǳŜǊŎŜǘƛƴ όмΣ рΣ мл 

˃ƎκƳ[ύΣ ǘƘŜ ƻŎŎǳǊǊŜƴŎŜ ƻŦ ŀōƴƻǊƳŀƭ ƳƻǊǇƘƻƭƻƎƛŎŀƭ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ǿŀǎ ŘƻǿƴǊŜƎǳƭŀǘŜŘ 

and the percentage of survivability rate was significantly increased. The production of 

inflammatory cytokines, intracellular ROS, and MDA was also observed to be inhibited 

in co-treatment groups. The important antioxidants such as glutathione and catalase 

were increased in co-treatment groups. The activity of S-A-ʲ Ǝŀƭ ŀƴŘ ŀǇƻǇǘƻǎƛǎ ǿŀǎ 

downregulated in co-treatment groups. Collectively, quercetin ameliorated the 

developmental toxicity and teratogenic effects induced by high-dose vit. D2. 

 

Introduction 
 
The study on fish is a useful tool for addressing the 
issues concerning the fundamental processes in the 
evolution of different types of vertebrates, disease 
processes, progression, and toxicity study (Choi et al., 
2021). In particular, the study on zebrafish (Danio rerio) 
has become a very important tool for the assessment of 
drug safety and toxicity studies right from the 
embryonic developmental defects, teratogenicity, and 
malformation study. Zebrafish is a tropical fish 
belonging to the family of Cyprinidae, and it has become 
a model organism because it is easy to handle and 

culture and is a cheaper option than the rodent model 
of study. It also has a high reproduction rate generating 
hundreds of fertilized eggs that develops rapidly from 
the embryonic stage into the larval stage. The 
embryonic development in zebrafish happens 
transparently allowing it for studying teratogenicity 
from a newly fertilized egg, formation of a zygotic cell, 
and organogenesis. Researchers have also been using it 
for genetic screening such as evaluating the different 
mutations and the effects it has on the development of 
organs in the vertebrates (Kamel and Ninov., 2017). 
Zebrafish studies are also carried out for evaluating a 
broad spectrum of research that includes disease 
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models (Goessling and Sadler, 2015), developmental 
biology (Roper and Tanguay., 2018), drug discovery 
(Kithcart and MacRae, 2017), neurobiology (Shams et 
al., 2017), toxicology study (Yuan et al., 2021) and cancer 
study (Jeon et al., 2019). Because of the versatility and 
the substantial area of study it provides, it is now widely 
accepted that zebrafish is a classical model organism. 
Vitamin D is a class of fat-soluble vitamins important for 
their role in calcium and phosphate metabolism. They 
are also involved in regulating the immune system and 
inducing the differentiation of cells (DeLuca., 2004). 
There are 5 different types of vitamin D and are 
numbered 2-6. Among these, there are two main forms 
of vitamin D namely cholecalciferol (vitamin D3) and 
ergocalciferol (vitamin D2). They are almost similar to 
each other and they differ in the structure only in the 
side chain where vit. D2 has C22-C23 double bonds and 
an additional methyl group at C24 (Japelt., 2013). 
Vitamins are secosteroids that are steroids with broken 
rings. Vit. D2 is produced by fungi and yeast when they 
are exposed to UVB exposure for 7-dehydrocholesterol 
(provitamin D2), whereas vitamin D3 is produced by UVB 
exposure of 7-dehydrocholesterol (provitaminD3) in the 
ǎƪƛƴ όbǀƭƭŜ Ŝǘ ŀƭΦΣ нлмуύΦ {ǘǳŘƛŜǎ ƘŀǾŜ ōŜŜƴ ŎƻƴŘǳŎǘŜŘ ōȅ 
researchers for vit. D2 in a different model system and 
they include evaluating the role of vit. D2 in reverse 
mutation assays using the TA92, TA1535, TA100, 
TA1537, TA94, and TA98 strains of Salmonella 
typhimurium. The results were found to be negative. 
Another study showed the mutations in thymidine 
kinase locus in mouse lymphoma cells to be negative for 
vit. D2. Mouse Bone Marrow Cells for vit. D2 and vit. D3 
was also reported to be negative (Ishidate et al., 1984). 
The assays for vitamin D2 carcinogenicity in the literature 
take the place as non-carcinogenic for a mouse in 
Carcinogenic Potency Database (CPDB) 
(https://toxnet.nlm.nih.gov/cpdb/) and QSAR Toolbox. 
The oral toxicity and LD50 of vit. D2 in mice was found to 
be around 23.7 mg/kg and 10 mg/kg for rats (Tugcu et 
al., 2019), whereas the lethal dose in dogs was found to 
be 13 mg/kg. However, the developmental toxicity and 
teratogenic study of vit. D2 in zebrafish embryos and 
larvae has not been evaluated before.  
We used quercetin, a plant flavonoid having numerous 
multi-therapeutic properties to evaluate its protective 
and synergistic effects when administered in co-
treatment with vit. D2. The word Quercetin comes from 
the Latin word quercousΣ ƳŜŀƴƛƴƎ άƻŀƪέ deriving from 
ǉǳŜǊŎŜǘǳƳ όƻŀƪ ŦƻǊŜǎǘύ ŀŦǘŜǊ άvǳŜǊŎǳǎέ ŀƴŘ ǘƘŜ ƴŀƳŜ 
was coined in 1857. Quercetin is found in around 20 
different kinds of fruits and vegetables such as apples, 
berries, onions, broccoli, etc. Quercetin is well known to 
possess antioxidant activity, anti-inflammatory, 
antibacterial, antiviral as well as anticancer activity 
(Sultana and Anwar., 2008). The structure of quercetin 
is composed of the ketocarbonyl group and the oxygen 
present in the first carbon can generate acids and salts. 
One of the reasons why quercetin has a very strong 
antioxidant activity is because of the presence of the 

phenolic hydroxyl group and doubled bonds. It also has 
a dihydroxy group in between the A ring, O-dihydroxy 
group B, C ring C2, C3 double bond, and also a 4- 
carbonyl (Yang et al., 2020). However, at higher doses, 
quercetin has also been found to be toxic and lead to 
carcinogenicity as observed from male and female rats 
(Harwood et al., 2007). Evaluation for the oral 
administration of quercetin showed the LD50 to be 161 
mg/kg for rats and 159 mg/kg in mice. LD50 dose 
intravenous injection showed to be at 18 mg/kg in 
mouse model whereas, subcutaneous administration 
showed LD50 at 97 mg/kg (Harishkumar., 2019). The 
toxicity of quercetin has been studied before by 
researchers, but the synergistic effects of quercetin in 
combination with drugs inducing toxicity have not been 
studied before. This paper aimed to evaluate the toxic 
effects as well as the protective effects quercetin might 
have on the development of zebrafish embryos. From 
our recent study, we were able to show that quercetin 
was able to inhibit or slow down the process of vit. D2 

degradation is triggered by high temperature and pH 
(Chang et al., 2021). Hence, we wanted to evaluate their 
synergistic effects. Our study was designed to assess the 
concentration range at which vit. D2 becomes 
teratogenic and toxic to the developing zebrafish 
embryo and to study the role of quercetin in possibly 
neutralizing the toxic effects of high-dose vit. D2 on 
zebrafish embryos. 
 

Materials and methods 
 

Chemicals 
 
Vitamin D2 (ergocalciferol), quercetin, acridine orange, 
H2DCFDA, ethidium bromide, was purchased from Sigma 
Aldrich. All other chemicals and reagents utilized in this 
study were of analytical grade. 
 
Zebrafish culture and vitamin D2 developmental 
toxicity study 
 
Wild type Danio rerio zebrafish (AB strain) were allowed 
to grow and reproduce under healthy environmental 
conditions (28ᴈ and 80% humidity) as per the 
previously published paper (Chang et al., 2020; Dey et 
al., 2021; Vasamsetti et al., 2020). Zebrafish were 
adjusted to 14 h light and 10 h dark cycle. The next day, 
fertilized eggs were collected within 6 hours post-
fertilization (hpf). Healthy zebrafish embryos (n = 
20/group) were properly maintained at a suitable 
ǘŜƳǇŜǊŀǘǳǊŜ όнуϲ/ύ ƛƴ 9о ƳŜŘƛŀ ŎƻƴǘŀƛƴƛƴƎ όлΦмт Ƴa 
KCl, 5 mM NaCl, 0.16 mM MgSO4, 0.4 mM CaCl2, 0.1% 
methylene blue). Treatment of vit. D2 όмΣ рΣ мл ˃ƎκƳƭύ 
ŀƴŘ ǉǳŜǊŎŜǘƛƴ όр ŀƴŘ мл ˃ƎκƳƭύ ŀƴŘ ǾƛǘΦ 52 όр ˃ƎκƳƭύ Ҍ 
ǉǳŜǊŎŜǘƛƴ όмΣ рΣ мл ˃ƎκƳƭύ ǿŀǎ ǎǘŀǊted from 6 hours post-
fertilization (hpf) till 120 hpf.  

All the dead embryos and larvae during the experiment 
were removed and discarded every 12 h. Images were 
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collected everyday throughout the experimental period 
to check for abnormalities. The different groups used for 
the zebrafish embryotoxicity study are listed above. All 
the experiments procedures were performed according 
to the guidelines for animal care and handling norms 
approved by the Institutional Animal Care and Use 
Committee of Daegu University, Gyeongbook, South 
Korea (Number: Lab-2021E-164709). 

Groups Dosage concentration ( g˃/ml) 

Control no treatment 

 

Vitamin D2 

1 ˃ g/ml 

5 ˃ g/ml 

10 ˃ g/ml 

Quercetin 5 ˃ g/ml 

10 ˃ g/ml 

Co-treatment groups 

 

Vitamin D2 + Quercetin 

5 ˃ g/ml Vit. D2 + 1 ˃ g/ml Quercetin 

5 ˃ g/ml Vit. D2 + 5 ˃ g/ml Quercetin 

5 ˃ g/ml Vit. D2 + 10 ˃ g/ml Quercetin 

Measurement of heart rate 
 
The measurement of the heart rate of zebrafish larvae 
was performed at 120 hpf. Briefly, all the larvae to be 
analyzed were anesthetized using 0.016% (w/v) tricaine 
(ethyl 3- aminobenzoate methane sulfonate, Sigma) and 
the heart rate was counted for 1 min. 
 
Swimming behavior evaluation 
 
Zebrafish larvae at 120 hpf were used for evaluating the 
swimming behavior after being exposed to different 
concentrations of vit. D2 όмΣ рΣ мл ˃ƎκƳƭύ ŀƴŘ ǉǳŜǊŎŜǘƛƴ 
όр ŀƴŘ мл ˃ƎκƳƭύ ŀƴŘ ǾƛǘΦ 52 όр ˃ƎκƳƭύ Ҍ ǉǳŜǊŎŜǘƛƴ όмΣ рΣ 
мл ˃ƎκƳƭύΣ the larvae were subjected to behavioral tests. 
Firstly, 10 different larvae were rinsed twice in fresh 
water. They were then placed in 24-well plates with 1 
mL fish water and assigned with one larva/ well and 
incubated for 30 min at 28ᴈ. Finally, to analyze the 
movement of the zebrafish larvae, we used Zebra Lab 
software (Viewpoint, France) and evaluated the 
movement for 10 min. 
 
H2DCFDA staining 
 
For estimating the production of free radicals and 
accumulation of reactive oxygen species (ROS) in 
zebrafish larvae, we followed the previously published 
paper from our research group (Chang et al., 2020). 
Zebrafish were treated with varying concentrations of 
vit. D2 and quercetin starting from 6 hpf-120 hpf. After 
120 hpf treatment with different doses of vit. D2 and 
quercetin, the zebrafish larvae were exposed to 
H25/C5! ŀǘ ŀ ŘƻǎŜ ƻŦ мл ˃ƎκƳ[ ŀƴŘ 5!tL όм˃ƎκƳ[ύ ŦƻǊ м 
hour at 37ᴈ in complete darkness. After incubation, the 
zebrafish larvae were washed with PBS and observed 

under the microscope for the production of ROS. The 
intensity of the green fluorescence was determined as 
the final concentration of ROS and was analyzed using 
ŀƴ hƭȅƳǇǳǎ .·рл ŦƭǳƻǊŜǎŎŜƴŎŜ ƳƛŎǊƻǎŎƻǇŜ ŀǘ млҎ 
magnification. 
 
Estimation of cytokines and oxidative stress from 
zebrafish tissue homogenates 
 
The zebrafish larvae homogenates were used for 
experimenting. For measuring malondialdehyde, we 
followed the ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭ ό!ōŎŀƳΣ 
Cambridge, CB2 0AX, UK). For detection of inflammation 
iNOS (#13120, Cell Signaling), and TNF-ʰ όІсфпрΣ /Ŝƭƭ 
Signaling) we used sandwich enzyme-linked 
immunosorbent assay. All the experiments were strictly 
carried out in triplicates and the absorbance was taken 
on a microtiter plate reader at 450 nm (Bio-Tek 
Instrument Co., WA, USA). For detection of antioxidant 
enzymes such as catalase and Glutathione, we used the 
/ŀȅƳŀƴ ŀǎǎŀȅ ƪƛǘ ŀƴŘ ŦƻƭƭƻǿŜŘ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 
protocol. 
 
Senescence-ŀǎǎƻŎƛŀǘŜŘ ʲ-galactosidase activity 
 
For determining Senescence associated-beta-
galactosidase (SA- ς̡gal) activity, we followed the 
ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭ ƻŦ ǘƘŜ ·-gal staining method 
(Sigma) and from the previously published manuscript 
(Da Silva-#ƭǾŀǊŜȊ Ŝǘ ŀƭΦΣ нлнлύΦ !ŦǘŜǊ ǘǊŜŀǘƳŜƴǘ ŀǘ мнл 
hpf, zebrafish larvae were washed twice with 1 ml of PBS 
per well/plate. Next, add 1.5 ml per well of fixation 
buffer and incubate the plate for 15 minutes at room 
temperature. During the fixation process prepare the 
staining mixture as described in the preparation 
instructions. Rinse 3 times with 1 ml of PBS per 
well/plate. Later, add 1 ml of the staining mixture to 
ŜŀŎƘ ǿŜƭƭΦ LƴŎǳōŀǘŜ ŀǘ отϲ/ ǿƛǘƘƻǳǘ /h2 until the cells 
are stained blue (2 hours to overnight). Seal the plate 
with parafilm to prevent it from drying out. After the 
completion, wash the plates with PBS and observe the 
zebrafish larvae under the bright field microscope and 
count the number of blue-stained cells and larvae 
expressing beta galactoside.  
 
Acridine Orange-Ethidium bromide staining 
 
For the analysis of cell death and apoptotic events 
happening in zebrafish larvae (Alvarez et al., 2014; 
Chang et al., 2021a), the surviving larvae of 6 dpf and 
controls were transferred to acridine Orange 
(AO)/ethidium Bromide (EB) solution; both at 0.5 mg/ml 
ŦƻǊ ол ƳƛƴǳǘŜǎ ŀǘ отϲ/Φ ¢ƘŜ !h ǇŜǊǾŀŘŜǎ ŀƭƭ ƭƛǾƛƴƎ ŎŜƭƭǎ 
and provides a green color to the core, unlike EB, which 
is only incorporated into the cell when this has lost 
membrane integrity, giving a red color to the nucleus. 
After labeling time, the larvae were observed under the 
BX50 Olympus fluorescence microscope. Through the 
program of ImageJ, the analysis of the areas from green 
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fluorescence was performed, highlighting areas of tissue 
with living cells and tissue areas with permeable cell EB. 
The use of the image analysis program ImageJ allowed 
to estimate the fluorescence intensity in different 
regions of the larvae, under control and treated 
conditions. 
 

Statistical analysis 
 
The data presented in this manuscript were conducted 
using GraphPad Prism software (version 5). The data are 
ŜȄǇǊŜǎǎŜŘ ƘŜǊŜ ŀǊŜ ǘƘŜ ƳŜŀƴǎҕ ǎǘŀƴŘŀǊŘ ŜǊǊƻǊ ό{9ύΦ ¢ƘŜ 
significant differences between the mean values were 
analyzed using one-way analysis of variance (ANOVA) 
wiǘƘ ¢ǳƪŜȅΩǎ ǘŜǎǘ ŎƻƳǇŀǊƛƴƎ ŀƭƭ ǇŀƛǊǎ ƻŦ ŎƻƭǳƳƴǎΣ ǿƘŜǊŜ 
* represents p-values < 0.05, ** represents p-values < 
0.01, and *** represents p-values < 0.001. 
 

Results and Discussion 
 

Evaluation of the developmental toxicity of vitamin D2 

on zebrafish embryo 
 
Zebrafish eggs were collected after mating and were 
treated with varying concentrations of high-dose vit. D2 

όмΣ р ŀƴŘ мл ˃ƎκƳ[ύ ƻǊ ǉǳŜǊŎŜǘƛƴ όр ŀƴŘ мл ˃ƎκƳ[ύ ǘƻ 

estimate the developmental toxicity and lethality. The 
structure of vit. D2 and quercetin are shown in 
Supplementary Fig. 1. Treatment started as early as 6 
hpf (hours post fertilization) and continued till 120 hpf. 
The hatching rate observed after treatment with vit. D2 

όмΣ р ŀƴŘ мл ˃ƎκƳ[ύ ǿŜǊŜ ŦƻǳƴŘ ǘƻ ōŜ трΣ тлΣ ŀƴŘ 
66.66%, whereas for quercetin όр ŀƴŘ мл ˃ƎκƳ[ύΣ ǘƘŜ 
hatching rate was found to be 90% and 80% in 
comparison to no treatment control group that had a 
hatching rate of 90% (Figure 2A). Next, we evaluated the 
heartbeat/min of zebrafish larvae at 120 hpf. We 
observed a drop in the heartbeat/min with increasing 
concentration of vit. D2. The heartbeat per minute for 
different concentrations of vit. D2 όмΣ р ŀƴŘ мл ˃ƎκƳ[ύ 
were 165, 163 and 142.33 in comparison to control (176 
heartbeat/min), whereas there were no significant 
changes in the quŜǊŎŜǘƛƴ όр ŀƴŘ мл ˃ƎκƳ[ύ ƎǊƻǳǇǎ ƘŀǾƛƴƎ 
170 and 165 heartbeats/min (Figure 2B). Subsequently, 
over a 6-day period we evaluated zebrafish embryos for 
abnormalities every day after drug treatment. The 
different abnormalities observed from morphological 
images were curved tail, coagulation, yolk edema, 

pericardial edema, hydrocephalus and curved fin, which 

was significantly higher in vit. D2 (Figure 1). The 
percentage of the occurrence of different abnormalities 
in the head, tail, yolk sac, and pericardia regions of the 

 

Figure 1. Observation of morphological deformities at different time points after treatment with high-dose vit. D2 (1,5 and 10 
˃ƎκƳƭύ ƻǊ ǉǳŜǊŎŜǘƛƴ όр ŀƴŘ мл ˃Ǝ/ml). C- coagulation, ye- yolk edema, pe-pericardial edema, ct-curved tail, cf-curved fin, h-
hydrocephalus. (n=20/group). 
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embryo is shown in Figure 2D. Our next evaluation was 
performed after continuous treatment with vit. D2 for 
120 hpf. The average body length of the respective 
groups was found to be: control (4.03mm), vit. D2 (1, 5 
ŀƴŘ мл ˃ƎκƳ[ύ оΦфсΣ п ŀƴŘ оΦу Ƴm, whereas for 
ǉǳŜǊŎŜǘƛƴ όр ŀƴŘ мл ˃ƎκƳ[ύ ǘƘŜ ŀǾŜǊŀƎŜ ōƻŘȅ ƭŜƴƎǘƘ ǿŀǎ 
4 and 4.1 mm (Figure 2C). Finally, we evaluated the 
survivability percentage rate from 120 hpf larvae. The 
control group had a survivability rate of 93%, whereas 
vit. D2 όмΣ р ŀƴŘ мл ˃Ǝ/mL) showed survivability 
percentage rate of 78.33, 55, and 20%. The mortality 
rate of zebrafish larvae rose to 80% on embryos treated 
ǿƛǘƘ мл ˃ƎκƳ[ ƻŦ ǾƛǘΦ 52Φ ²ƘŜǊŜŀǎΣ ǿŜ ŘƛŘƴΩǘ ƻōǎŜǊǾŜ ŀƴȅ 
significant difference in the survivability rate of 
zebrafish larvae treated with quercetin. Quercetin at 5 
ŀƴŘ мл ˃ƎκƳ[ ǎƘƻǿŜŘ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǎǳǊǾƛǾŀōƛƭƛǘȅ ǊŀǘŜ ƻŦ 
90% and 85.66% (Figure 2E). There was also a dose-
dependent downregulation of larval motility in high-
dose vit. D2 (Figure 2F). After analyzing the above-
mentioned result, we decided on the concentration of 
vit. D2 ŀǘ р ˃ƎκƳ[ ǎƛƴŎŜ ƛǘ ǎƘƻǿŜŘ ŀ ǎǳǊǾƛǾŀōƛƭƛǘȅ 
percentage of 55%. We proceeded with the next study 
for the synergistic effects of vit. D2 in combination with 

varying doses of quercetin on developing zebrafish 
embryos. 

 
Quercetin ameliorates high-dose vitamin D2 induced 
developmental toxicity on zebrafish embryo 
 
We evaluated the synergistic effect of vit. D2 and 
quercetin after evaluating the toxicity of high-dose vit. 
D2 having survivability of 55% at a concentration range 
ƻŦ р ˃ƎκmL (Figure 2E). We decided to use this dosage 
group for evaluating the synergistic effect quercetin 
might exert in reducing the malformations and 
survivability percentage. The hatching rate was 
significantly increased as observed for the 
combinational treatment group of high-dose vit. D2 (5 
˃ƎκƳ[ύ Ҍ ǉǳŜǊŎŜǘƛƴ όмΣ р ŀƴŘ мл ˃ƎκƳ[ύ ƘŀǾƛƴƎ ŀ 
hatching rate of 75, 76.66, 90% in comparison to no 
treatment group with a hatching rate of 90% (Figure 3B). 
Next, we evaluated the heartbeat/minute ratio on 120 
hpf zebrafish embryos to see a significant enhancement 
in the heartbeat ratio similar to control in vit. D2 and 
quercetin treatment groups in a dose-dependent 
manner. The calculated heartbeat/min ratio for high-

 
Figure 2. Evaluation of different parameters after treatment with vit. D2 όмΣр ŀƴŘ мл ˃ƎκƳƭύ ƻǊ ǉǳŜǊŎŜǘƛƴ όр ŀƴŘ мл ˃ƎκƳƭύ όƴҐнлκƎǊƻǳǇύ 
(A) Percentage of zebrafish hatching rate (B) Zebrafish heartbeat/min at 72 hpf (hours post fertilization) (C) Estimation of average 
zebrafish body length at 120hpf (D) Different morphological abnormality percentage of zebrafish embryos after treatment with high-
dose vit. D2 όмΣр ŀƴŘ мл ˃ƎκƳƭύ ƻǊ ǉǳŜǊŎŜǘƛƴ όр ŀƴŘ мл ˃ƎκƳƭύ ό9ύ tŜǊŎŜƴǘŀƎŜ ƻŦ ȊŜōǊŀŦƛǎƘ ǎǳǊǾƛǾŀōƛƭƛǘȅ ǊŀǘŜ ŀŦǘŜǊ ǘǊŜŀǘƳŜƴǘ όCύ 
Percentage of zebrafish maximum velocity. The data that are represented ƘŜǊŜ ŀǊŜ ǘƘŜ ƳŜŀƴǎ ҕ {Φ5Φ ǿƘŜǊŜ ǎƛƎƴƛŦƛŎŀƴǘ ŘƛŦŦŜǊŜƴŎŜ ƛǎ 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 and ns (non-significant), control vs vit. D2 group, control vs Quercetin group, control 
vs vit. D2 + quercetin group. Statistical significance analysis was carried out through a one-way analysis of variance (ANOVA) prism. 
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dose vit. D2 όр ˃ƎκƳ[ύ Ҍ ǉǳŜǊŎŜǘƛƴ όмΣ р ŀƴŘ мл ˃ƎκƳ[ύ 
were 165, 171.66 and 173.33 in comparison to control 
176 heartbeats/min (Figure 3C). The percentage of the 
occurrence of morphological malformations was 
calculated as per the abnormality observed in the head, 
tail, yolk sac, and pericardia, where quercetin was able 
to significantly reduce the effects of malformations in 
the larvae induced by treatment with high-dose vit. D2. 
The aberrations observed from morphological images 
were coagulation after 24h treatment, curved fin, 
curved tail, yolk edema, pericardial edema, 
hydrocephalus (Figure 3A). The percentage of 

abnormality in head, tail, yolk sac and pericardia was 
reduced significantly in co-treatment groups (Figure 3E). 
We observed no significant difference in the body length 
of zebrafish embryos showing 4, 4.1 and 4.2 mm for 
combinational treatment and 4.13 mm for control 
groups (Figure 3D). Finally, we evaluated the 
survivability of zebrafish embryos after combinational 
treatment at 120 hpf. The results revealed that 
quercetin was able to significantly reduce the toxicity 
and mortality of embryos caused by high concentration 
treatment of vit. D2. The survivability rate observed for 
high-dose vit. D2 όр ˃ƎκƳ[ύ Ҍ ǉǳŜǊŎŜǘƛƴ όмΣ р ŀƴŘ мл 

 
Figure 3. Evaluation of different parameters after co-treatment with vit. D2 όр ˃ƎκƳƭύ ŀƴŘ ǉǳŜǊŎŜǘƛƴ όмΣ р ŀƴŘ мл ˃ƎκƳƭύ όƴҐнлκƎǊƻǳǇύ 
(A) Observation of morphological deformities at different time points after co-treatment with vit. D2 όр ˃ƎκƳƭύ ŀƴŘ ǉǳŜǊŎŜǘƛƴ όмΣ р 
ŀƴŘ мл ˃ƎκƳƭύΦ ǇŜ- pericardial edema. (B) Percentage of zebrafish hatching rate (C) Evaluation of heartbeat/min at 72 hpf (D) 
Estimation of average zebrafish body length at 120hpf (E) Different morphological abnormality percentage of zebrafish embryos after 
treatment with high-dose vit. D2 όмΣр ŀƴŘ мл ˃ƎκƳƭύ ƻǊ ǉǳŜǊŎŜǘƛƴ όр ŀƴŘ мл ˃ƎκƳƭύ όCύ tŜǊŎŜƴǘŀƎŜ of zebrafish survivability rate (G) 
tŜǊŎŜƴǘŀƎŜ ƻŦ ƳŀȄƛƳǳƳ ȊŜōǊŀŦƛǎƘ ǾŜƭƻŎƛǘȅΦ ¢ƘŜ Řŀǘŀ ǘƘŀǘ ŀǊŜ ǊŜǇǊŜǎŜƴǘŜŘ ƘŜǊŜ ŀǊŜ ǘƘŜ ƳŜŀƴǎ ҕ {Φ5Φ ǿƘŜǊŜ ǎƛƎƴƛŦƛŎŀƴǘ ŘƛŦŦŜǊŜƴŎe is 
indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 and ns (non-significant), where control vs vit. D2 group, control vs Quercetin group, 
control vs vit. D2 + quercetin group. Statistical significance analysis was carried out through a one-way analysis of variance (ANOVA) 
prism. 
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Figure 4. Estimation of ROS generation after treatment with vit. D2 όмΣр ŀƴŘ мл ˃ƎκƳƭύΣ ǉǳŜǊŎŜǘƛƴ όр ŀƴŘ мл ˃ƎκƳƭύ ƻǊ Ŏƻ-treatment 
with high-dose vit. D2 όр ˃ƎκƳƭύ ŀƴŘ ǉǳŜǊŎŜǘƛƴ όмΣ р ŀƴŘ мл ˃ƎκƳƭύ ό!ύ I2DCFDA staining at 120 hpf for different treatment groups. 
Green fluorescence: production of ROS; blue fluorescence: staining of the nucleus (B) Fluorescence intensity of H2DCFDA staining 
for vit. D2 όмΣр ŀƴŘ мл ˃ƎκƳƭύΣ ǉǳŜǊŎŜǘƛƴ όр ŀƴŘ мл ˃ƎκƳƭύ ǘǊŜŀǘƳŜƴǘ ƎǊƻǳǇǎΦ ¢ƘŜ Řŀǘŀ ǘƘŀǘ ŀǊŜ ǊŜǇǊŜǎŜƴǘŜŘ ƘŜǊŜ ŀǊŜ ǘƘŜ ƳŜŀƴǎ ҕ 
S.D. where significant difference is indicated as * p < 0.05, ** p < 0.01, *** p < 0.001 and ns (non-significant), where control vs vit. 
D2 group, control vs Quercetin group, control vs vit. D2 + quercetin group. Statistical significance analysis was carried out through 
a one-way analysis of variance (ANOVA) prism. 
 
 

 

 
Figure 5. Estimation of (A) MDA assay (B) iNOS (C) TNF-ʰ όD) Catalase (E) Glutathione assay. The data that are represented here 
ŀǊŜ ǘƘŜ ƳŜŀƴǎ ҕ {Φ5Φ ǿƘŜǊŜ ǎƛƎƴƛŦƛŎŀƴǘ ŘƛŦŦŜǊŜƴŎŜ ƛǎ ƛƴŘƛŎŀǘŜŘ as * p < 0.05, ** p < 0.01, *** p < 0.001 and ns (non-significant), 
where control vs vit. D2 group, control vs Quercetin group, control vs vit. D2 + quercetin group. Statistical significance analysis was 
carried out through a one-way analysis of variance (ANOVA) prism. 
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˃ƎκƳ[ύ ǿŜǊŜ 65, 75 and 86.66% in comparison to control 
group having a survivability rate of 90% (Figure 3F). The 
motility of zebrafish larvae was also significantly better 
in co-treatment groups (Figure. 3G). We observed that 
quercetin was able to significantly enhance the 
development of zebrafish embryo in combination with 
vit. D2. The hatching rate was fastened upon the 
combinational treatment which increased dose-
dependently. We also observed that the heartbeat ratio 
was normalized and similar to control groups in a dose-
dependent manner. The formation of major organs was 
also enhanced with a drastic reduction in the 
morphological abnormality rate. Conclusively, we 
observed that combinational treatment of vit. D2 and 
quercetin had a synergistic effect by boosting the 
development of zebrafish embryos. 

 
Quercetin equilibrates high-dose vitamin D2 induced 
oxidative stress and enhanced antioxidant enzymes in 
zebrafish larvae 
 
Oxidative stress is one of the major mechanism for 
toxicity in vitro and in vivo. The changes observed in the 
antioxidant enzymes are important for understanding 
the effect of drug-induced toxicity on redox homeostasis 
(Thirumurthi et al., 2021). In order to analyze the 
production of intracellular ROS, we performed H2DCFDA 
staining. They are fluorogenic dyes widely used for 
measuring hydroxyl, peroxyl, and other reactive oxygen 
species (ROS) activity within the cells or in the tissue. 
The observation from our staining images revealed that 
treatment with vit. D2 alone had highly expressed 
fluorescence which increased in a dose-dependent 
manner as an indication for the presence of more free 
radicals. Quercetin treatment also revealed that 5 
˃ƎκƳ[ ƘŀŘ ŀ ƘƛƎƘŜǊ expression of green fluorescence in 
comparison with control (Figure 4A). Finally, the 
combinational treatment of vit. D2 όр ˃ƎκƳ[ύ Ҍ ǉǳŜǊŎŜǘƛƴ 
όмΣ р ŀƴŘ мл ˃ƎκƳ[ύ ǎƘƻǿŜŘ ǘƘŀǘ ǉǳŜǊŎŜǘƛƴ ǿŀǎ ŀōƭŜ ǘƻ 
significantly neutralize and reduce the expression of free 
radicals and creating a sort of balance in the embryonic 
zebrafish larvae (Figure 4B). The fluorescence intensity 
was calculated from the respective images of the 
different treatment groups revealing that quercetin had 
a synergistic effect when treated in combination with 
vit. D2 and was able to downregulate the expression of 
ROS. We also performed a malondialdehyde 
biochemical assay for excessive lipid peroxidation and 
observed a dose-dependent reduction. The expression 
of MDA for vit. D2 όмΣ р ŀƴŘ мл ˃ƎκƳ[ύ ǿŀǎ нΣ нΦс ŀƴŘ оΦру 
ƴƳƻƭκƳƎΣ ǿƘŜǊŜŀǎ ǉǳŜǊŎŜǘƛƴ όр ŀƴŘ мл ˃ƎκƳ[ύ ǿŀǎ нΦпр 
and 2.3 nmol/mg. The MDA concentration observed for 
high-dose vit. D2 όр ˃ƎκƳ[ύ Ҍ ǉǳŜǊŎŜǘƛƴ όмΣ р ŀƴŘ мл 
˃ƎκƳ[ύ ǿŜǊŜ оΦнрΣ нΦс ŀƴŘ нΦмо ƴƳƻƭκmg (Fig. 5A). We 
did not observe a significant difference in the 
concentration and expression of iNOS and TNF-ʰ 
concentration (Fig. 5B, C). However, quercetin 
treatment was able to upregulate the concentration of 
catalase and GSH. The concentration of catalase for vit. 

D2 όмΣ р ŀƴŘ мл ˃ƎκƳ[ύ ǿŜǊŜ рΦфрΣ рΦро ŀƴŘ рΦнр ˃aΣ 
ǿƘŜǊŜŀǎ ǉǳŜǊŎŜǘƛƴ όр ŀƴŘ мл ˃ƎκƳ[ύ ǿŜǊŜ фΦнс ŀƴŘ фΦп 
˃aΦ ¢ƘŜ ŎƻƴŎŜƴtration of high-dose vit. D2 όр ˃ƎκƳ[ύ Ҍ 
ǉǳŜǊŎŜǘƛƴ όмΣ р ŀƴŘ мл ˃ƎκƳ[ύ ǿŜǊŜ сΦтΣ фΦмн ŀƴŘ фΦср 
˃a ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ŎƻƴǘǊƻƭ όтΦнр ˃aύ όCƛƎΦ р5ύΦ ²Ŝ ŀƭǎƻ 
observed a slight increase in the GSH concentration in 
higher doses of quercetin treatment groups (Fig. 5E). We 
conclude from this above finding that quercetin was 
able to alleviate high-dose vit. D2 induced oxidative 
stress. 
 
Quercetin treatment reduced expression of S-A- -̡ gal 
in high-dose vitamin D2 treated zebrafish embryos 
 
There have been reports from several different studies 
for the occurrence of cellular senescence during the 
development of tissues in different types of birds, 
amphibians, and mammals. The presence of cellular 
senescence during the development of zebrafish 
embryos has also been reported (Villiard et al., 2017). 
One of the key phenotypes of senescence includes the 
senescence associated-beta galactosidase activity and 
these senescent cells produce high levels of reactive 
oxygen species (ROS) and also contain elevated levels of 
DNA damage, which was observably seen in zebrafish 
larvae at 120 hpf. Our results revealed that S-A- -̡ gal 
activity and expression were upregulated in all the vit. 
D2 treatment groups in a dose-dependent manner and 
was prominently visible in the yolk sac regions and 
extending to the intestines, esophagus, regions of the 
brain and spinal cord. S-A- -̡ gal activity was also present 
in quercetin only treatment groups. The S-A-ʲ Ǝŀƭ 
activity and expression were significantly 
downregulated in combinational treatment groups of 
high-dose vit. D2 +quercetin as evidently observed and 
visibly absent from the spinal cord and lesser expression 
in other regions of the zebrafish larvae indicating the 
positive effects of combinational treatment on zebrafish 
larvae (Figure 6A). 
 
Quercetin alleviates high-dose vitamin D2 induced 
zebrafish larval cell death 
 
Drug-induced toxicity and cell death have been well 
documented and studied in zebrafish larvae (Li et al., 
2018; Alvarez et al., 2014). Cell death usually occurs 
through apoptosis and necrosis. Apoptosis cell death 
involves a genetically determined elimination of 
damaged cells from the tissues and the body of the 
organism (Chang et al., 2021b). Many drugs used for the 
treatment of different types of cancer result in DNA 
damage which leads to apoptotic cell death. Some 
hormones, such as corticosteroids also lead to apoptotic 
cell death in some cell types. Similarly, vit. D2 has been 
shown to induce apoptotic cell death on HL-60 cells. 
Their study showed that DNA fragmentation occurred in 
the cells at a concentration of 100 ˃M which is a typical 
hallmark of apoptosis. To confirm if a high-dose vit. D2 

could trigger apoptosis, we performed a dual acridine 
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orange/ethidium bromide (AO/EB) fluorescent staining. 
AO/EB staining has long been used to identify apoptosis-
associated changes to the cell membranes during the 
process of apoptosis (Gherghi et al., 2003). AO/EB 
method can be used in an accurate way to distinguish 
ǘƘŜ ŎŜƭƭǎ ŀǘ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ǎǘŀƎŜǎ ƻŦ ŀǇƻǇǘƻǎƛǎ ό.ŀǎƪƛŏ Ŝǘ 
al., 2006). Therefore, AO/EB staining can be effectively 
used to estimate the drug sensitivity test (DSTs). The 
fragmentation in the DNA absorbs and take up the 
ethidium bromide stain making an orange color while 
the other parts of the staining takes up acridine orange 
and emits a green fluorescence. In consistent with the 
cell results by other researchers, we observed that 
zebrafish treated with varying concentrations of high-
dose vit. D2 όмΣ р ŀƴŘ мл ˃ƎκƳ[ύ ƘŀŘ ƳƻǊŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ 
orange-colored nuclei as an indication of dead cell 
becoming permeable to ethidium bromide stain which 
happens during apoptosis. There was also a dose-
dependent increase in the number of dead cells and 
fragmented DNA in the zebrafish larvae on vit. D2 

groups. However, co-treatment groups of vit. D2 and 
quercetin showed an effective reduction in the number 
of apoptotic events occurring in the zebrafish larvae and 
further enhancing the healthy development of zebrafish 
larvae (Figure 7A, B). In conclusion, we observed that 
quercetin effectively alleviated the toxic effects of high-
dose vit. D2 induced apoptotic cell death. 
 

Discussion 
 
Development of embryos is an organized, complex, 
sophisticated and puzzling process in which the changes 
occurring in the molecular and cellular levels are 

manifested through the phenotype of the organism. 
Evaluating the embryotoxicity and teratogenic toxicity 
of vitamins and compounds from therapeutic plants 
affecting or benefitting the development of the embryos 
is very important which testing the pharmacological 
effects of the therapeutic compounds. Zebrafish 
embryotoxicity study has become an indispensable tool 
for evaluating the toxicity and efficacy of drugs and 
natural compounds. We evaluated the toxicity of 
administering high-dose vit. D2 in triggering aberrations 
during the development of zebrafish embryos. The 
treatment of vit. D2 όмΣ рΣ мл ˃ƎκƳ[ύ ǎǘŀǊǘŜŘ ŀǘ с ƘǇŦ ŀƴŘ 
we treated everyday till 120 hpf. The evaluation of 
teratogenicity was performed every 24 h to evaluate 
morphological deformities such as delayed hatching 
rate, coagulation, yolk edema, pericardial edema, 
curved tail, curved fin, and hydrocephalus, which are the 
common parameters of teratogens induced 
abnormalities. Although vitamin D is a very important 
fat-soluble secosteroids needed for our body to function 
normally, however here we report the first case of 
zebrafish embryotoxicity induced by high-dose vit. D2. 
Through analysis of visual assessment by microscope 
and scoring the morphological features, we observed 
clear defects in the development of zebrafish embryos 
ŀǘ р ŀƴŘ мл ˃ƎκƳ[ ƻŦ ǾƛǘΦ 52. The hatching rate and 
survivability rate were drastically reduced and the body 
length was found to be shorter and smaller at a higher 
dose of vit. D2. The period of hatching is critically 
important during zebrafish embryogenesis and delay in 
the hatching rate is attributed to the different 
developmental abnormalities. Other parameters such as 
motility of zebrafish larvae also revealed that exposure 

 

Figure 6: (A) Estimation of S-A- -̡ gal activity after treatment with vit. D2 (1, 5 and 10 ˃ƎκƳ[ύΣ ǉǳŜǊŎŜǘƛƴ όр ŀƴŘ мл ˃ ƎκƳ[ύ ƻǊ Ŏƻ-
treatment with high-dose vit. D2 (5 ˃ ƎκƳ[ύ ŀƴŘ ǉǳŜǊŎŜǘƛƴ όмΣ р ŀƴŘ 10 ˃ ƎκƳ[ύΦ {-A- -̡ gal positive cells staining for evaluation of 
cellular senescence expressed as blue color. Arrow marks: indicates the presence of SAς̡ςgal staining in the yolk sac. Thin arrow 
marks: is an indication for the presence of intense SAς̡ςgal staining in the caudal (cloacal) end of the intestine. Dotted arrow 
marks: is an indication for the presence of SAς̡ςgal staining in the spinal cord. Arrowhead in blue: is an indication for the presence 
of SAς̡ςgal staining in the brain. Red circles: is an indication for the presence of SAς̡ςgal staining in the oesophagyus of zebrafish 
larvae at 120 hpf. (scale bar= 200 ˃ ƳύΦ 
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to high-dose vit. D2 reduced the locomotion ability, 
which was attributed to alteration and damage to the 
central nervous system (Sun et al., 2016). Another 
mechanism reported by other researchers is drug-
induced oxidative stress resulting in elevated reactive 
oxygen species (ROS) production and an apparent 
decrease in the concentration of antioxidant enzymes 
(Deavall et al., 2012). ROS is the key factor in promoting 
oxidative stress and the generated oxygen free radicals 
damage the biological molecules by stealing electrons. 
The antioxidant enzymes such as SOD, catalase, and 
glutathione works by neutralizing these free radicals by 
donating electrons and reduction in these antioxidants 
create an imbalance in the antioxidant system. These 
free radicals are the product of a normal cellular 
mechanism present as a single atom or as molecules 
containing one or more unpaired electrons in their 
valence shell or the outer orbit. These uneven number 
of free electrons makes them very unstable, short lived, 
and highly reactive. Hence, these free radicals can 
extract electrons from other molecules present in the 
biological system to attain stability thereby creating 
more instability and starting a chain reaction cascade 
system that finally damages the entire cells, tissues, and 
organs (Jones., 2008). Both ROS and reactive nitrogen 
species (RNS) collectively constitute the free radical 
species which play both the roles as being beneficial or 
toxic for the living system (Pham-Huy and Pham-Huy., 
2008). Excessive ROS production has been found to 
cause damage to the integrity of the various 
biomolecules such as lipids (Witztum and Steinberg., 

1991), different types of proteins (Davies., 2016), and 
DNA (Marnett., 2000) which leads to an increase in 
oxidative stress causing numerous diseases such as 
neurodegenerative diseases, cardiovascular diseases, 
respiratory diseases, aging and so forth (Stadtman., 
2006). We observed a sharp dose-dependent increase in 
the intracellular ROS production and malondialdehyde 
concentration in zebrafish larvae treated with high-dose 
vit. D2. However, quercetin was able to significantly 
counteract and neutralize the generation of ROS. 
Similarly, we observed a slight increase in the 
antioxidant enzymes such as SOD and glutathione in co-
treatment groups indicating that quercetin played a 
major role in reducing the toxicity of high-dose vit. D2. 
We also observed a sharp decrease in the apoptotic cell 
death events in co-treated groups of zebrafish larvae. 
These results further elucidated the protective role of 
quercetin from the toxic effects of high-dose vit. D2 in 
embryonic development. The findings from this study 
can be used to further explore the protective role of 
quercetin in drug-induced toxicity studies. 
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Figure 7. Estimation of cell death by acridine orange/ ethidium bromide staining after treatment with vit. D2 όмΣр ŀƴŘ мл ˃ƎκƳƭύΣ 
ǉǳŜǊŎŜǘƛƴ όр ŀƴŘ мл ˃ƎκƳƭύ ƻǊ Ŏƻ-treatment with high-dose vit. D2 όр ˃ƎκƳƭύ ŀƴŘ ǉǳŜǊŎŜǘƛƴ όмΣ р ŀƴŘ мл ˃ƎκƳƭ) (B) Percentage of 
cell death evaluated AO-EtBr staining. Arrow: represents the regions of dead cells where ethidium bromide binds giving out an 
ƻǊŀƴƎŜ ŎƻƭƻǊΦ ¢ƘŜ Řŀǘŀ ǘƘŀǘ ŀǊŜ ǊŜǇǊŜǎŜƴǘŜŘ ƘŜǊŜ ŀǊŜ ǘƘŜ ƳŜŀƴǎ ҕ {Φ5Φ ǿƘŜǊŜ ǎƛƎƴƛŦƛŎŀƴǘ ŘƛŦŦŜǊŜƴŎŜ ƛǎ ƛƴŘƛŎŀǘŜŘ ŀǎ ϝ p < 0.05, ** p < 
0.01, *** p < 0.001 and ns (non-significant), where control vs vit. D2 group, control vs Quercetin group, control vs vit. D2 + quercetin 
group. Statistical significance analysis was carried out through a one-way analysis of variance (ANOVA) prism. 
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Supplementary Figure 1. Structure of vit. D2 and quercetin. 


