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Abstract

The aim of the study was to determine the developmental toxicity of -digke
administration of vitamin B(vit. D) and the synergistic effect of vito D co-treatment
with quercetin. Zebrafish embryos at 6 hpf were treated with either Dit(1, 5, 10
>3IKY[ O 2NJ ljdz2SNOSGAY o6pz mn >3IKY[O |
morphological feature scoring revealed, the occurrence of different morpholog
abnormalities spiked and aggravated with an increase in yiloSe. The perceage
of hatching, heartbeats/minute, velocity, body length, and survivability rate v
downregulated in high dose vit.2[Qroups. Subsequently, the production of prc
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K_(a}kl}words_ . inflammatory cytokines and intracellular ROS was upregulated indogh vit. D
gll?erggzﬁ vitamin B groups. @ntrastingly, in the cdreatmentof vitt B6p >3Ik Y[ O | YR |

>IkY[0Z GKS 200dNNNBYyOS 2F oy2NX¥If Y
and the percentage of survivability rate was significantly increased. The productic
inflammatory cytokines, intracellular ROS, and MDA was also observed to be inhi
in cotreatment groups. The important antioxidants such as glutathione and cata

LY R F

Synergistic effect
Zebrafish embryotoxicity
Teratogenicity

Oxidative stress

Cell death were increased in ctreatment groups. The activity of-&i 3l €
downregulded in cotreatment groups. Collectively, quercetin ameliorated tt
developmental toxicity and teratogenic effects induced by kigke vit. D.
Introduction culture and is a cheaper option than the rodent mod

of study. It also has a high reproduction rate generati

The study on fishs a usefultool for addressing the
issues concerning the fundamental processes in |
evolution of different types of vertebrates, diseas
processes, progression, and toxicity study (Choi et
2021). In particular, the study on zebrafighafio rerig

has become very important tool for the assessment ¢
drug safety and toxicity studies right from th
embryonic developmental defects, teratogenicity, ar
malformation study. Zebrafish is a tropical fis
belonging to the family of Cyprinidae, and it has becol
a mocel organism because it is easy to handle a

hundreds of fertilized eggs that develops rapidly fro
the embryonic stage into the larval stage.hel
embryonic development in zebrafish happer
transparently allowing it for studying teratogenicit
from a newly fertilized egg, formation of a zygotic ce
and organogenesis. Researchers have also been usi
for genetic screening such as evaluating thifferent

mutations and the effects it has on the development
organs in the vertebrates (Kamel and Ninov., 201
Zebrafish studies are also carried out for evaluating
broad spectrum of research that includes disea
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models (Goessling and Sadler,18) developmental
biology (Roper and Tanguay., 2018), drug discov
(Kithcart andMacRae, 2017), neurobiology (Shams
al., 2017), toxicology study (Yuan et al., 2021) and car
study (Jeon et al., 2019). Because of the versatility ¢
the substantiabrea of study it provides, it is now widel
accepted that zebrafish is a classical model organisir
Vitamin D is a class of fabluble vitamins important for
their role in calcium and phosphate metabolism. Th
are also involved in regulating the immunessm and
inducing the differentiation of cells (DelLuca., 200:
There are 5 different types of vitamin D and a
numbered 26. Among these, there are two main form
of vitamin D namely cholecalciferol (vitamirs)Dand
ergocalciferol (vitamin £). They arealmost similar to
each other and they differ in the structure only in th
side chain where vit. fhas C22Z°23 double bonds anc
an additional methyl group at C24 (Japelt., 201
Vitamins are secosteroids that are steroids with brok
rings. Vit. Ris praduced by fungi and yeast when the
are exposed to UVB exposure fod@hydrocholesterol
(provitamin D), whereas vitamin s produced by UVE
exposure of #ehydrocholesterol (provitamindpin the
A1AY 6blEtS SG FfdZX Hnwmy
researchers for vit. bin a different model system anc
they include evaluating the role of vit..Dn reverse
mutation assays using the TA92, TA1535, TAIl
TA1537, TA94, and TA98 strains of Salmon
typhimurium The results were found to be negative
Another study showed the mutations in thymidin
kinase locus in mouse lymphoma cells to be negative
vit. D.. Mouse Bone Marrow Cells for vitz Bnd vit. B
was also reported to be negative (Ishidate et al.,4)98
The assays for vitamirzBarcinogenicity in the literature
take the place as nenarcinogenic for a mouse it
Carcinogenic Potency Database (CPI
(https://toxnet.nlm.nih.gov/cpdb/) and QSAR Toolbo
The oral toxicity and LD50 of vitz i mice was fand to
be around 23.7 mg/kg and 10 mg/kg for rats (Tugcu
al., 2019), whereas the lethal dose in dogs was founc
be 13 mg/kg. However, the developmental toxicity at
teratogenic study of vit. bin zebrafish embryos anc
larvae has not been evaluated foee.

We used quercetin, a plant flavonoid having numero
multi-therapeutic properties to evaluate its protectivi
and synergistic effects when administered in-c
treatment with vit. B. The word Quercetin comes from
the Latin wordquercoug Y S| y A gleBvingi foin ©
j dZSNOSlGdzy 6211 F2NBado |
was coined in 1857. Quercetin is found in around
different kinds of fruits and vegetables such as appl
berries, onions, broccoli, etc. Quercetin is well known
possess antioxidant c#ivity, antkinflammatory,
antibacterial, antiviral as well as anticancer activi
(Sultana and Anwar., 2008). The structure of querce
is composed of the ketocarbonyl group and the oxyg
present in the first carbon cagenerate acids and salts
One ofthe reasons why quercetin has a very stroi
antioxidant activity is because of the presence of tl

phenolic hydroxyl group and doubled bonds. It also ¥
a dihydroxy group in between the A ring;dihydroxy

group B, C ring C2, C3 double bond, and alsc ¢
carbonyl (Yang et al., 2020). Howevat higher doss,

quercetin has also been found to be toxic and lead
carcinogenicity as olesved from male and female rat:
(Harwood et al., 2007). Evaluation for the or
administration of quercetin showed the k{20 be 161

mg/kg for rats and 159 mg/kg in mice. solose

intravenous injection showed to be at 18 mg/kg

mouse model whereas, subcutaneous administrati
showed Lk at 97 mg/kg (Harishkumar., 2019). Tt
toxicity of quercetin has been studied beforey t
researchers, but the synergistic effects of quercetin
combination with drugs inducing toxicity have not bee¢
studied before.This paper aimed to evaluate the toxi
effects as well as the protective effects quercetin mig
have on the development of beafish embryos. From
our recent study, we were able to show that quercet
was able to inhibit or slow down the process of vi. |
degradation is triggered by high temperature and f
(Chang et al., 2021). Hence, we wanted to evaluate tt
synergistic effcts. Our study was designed to assess 1
concentration range at which vit. 2Dbecomes
teratogenic and toxic to the developing zebrafis
embryo and to study the role of quercetin in possib
neutralizing the toxic effects of higihose vit. D on

zebrafishembryos.

Materials and methods
Chemicals

Vitamin D (ergocalciferol), quercetin, acridine orangt
H.DCFDA, ethidium bromide, was purchased from Sic
Aldrich. All other chemicals and reagents utilized in tl
study were of analytical grade.

Zebrafish culture and vitamin R developmental
toxicity study

Wild type Danio rerio zebrafish (AB strain) were allow
to grow and reproduce under healthy environment:
conditions (28 and 80% humidity) as per the
previously published paper (Chang et al., 2020; Etey
al., 2021; Vasamsetti et al., 2020). Zebrafish wt
adjusted to 14 h light and 10 h dark cycle. The next d
fertilized eggs were collecteavithin 6 hours post

fertilization (hpf). Healthy zebrafish embryos <

20/group) were properly maintained at &uitable

GSYLISNY GdzNB o6wHyc/ 0 Ay 9

KCI, 5 mM NaCl, 0.16 mM MgS0.4 mM Cag]l 0.1%
methylene blue). Treatment of vit2 MX p Z |
FYR 1jdzSNOSGAY o6p LR mIAk
j dZSNOSGAY owmI tedfroméhourshasty
fertilization (hpf) till 120 hpf.

All the dead embryos and larvae during the experime
were removed and discarded every 12 h. Images w
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collected everyday throughout the experimental peric
to check for abnormalities. The differegroups used for
the zebrafish embryotoxicity study are listed above. .
the experiments procedures were performed accordil
to the guidelines for animal care and handling norr
approved by the Institutional Animal Care and U
Committee of Daegu Univatg, Gyeongbook, Soutt
Korea (Number: LaB021E164709).

Groups Dosage concentratioif>g/ml)
Control no treatment
1>g/ml
Vitamin B 5>g/ml
10>g/ml
Quercetin 5>g/ml
10>g/ml

Cotreatment groups  5>g/ml Vit. B + 1>g/ml Quercetin
5>g/ml Vit. B + 5>g/ml Quercetin

Vitamin B + Quercetin  5>g/ml Vit. B + 10>g/ml Quercetin

Measuremert of heart rate

The measurement of the heart rate of zebrafish larv
was performed at 120 hpf. Briefly, all the larvae to |
analyzedwvere anesthetized using 0.016% (w/Vv) tricair
(ethyl 3 aminobenzoate methane sulfonate, Sigma) a
the heart rate was countetbr 1 min.

Swimming behavior evaluation

Zebrafish larvae at 120 hpfere used for evaluating the
swimming behavior after being exposed to differel
concentrations of vit. PO ME p X wmMna > 3K
6p YR wmn >ZAxpY =03 WIR) @\ (
M 1 > 3he Mivage Were subjected to behavioral test
Firstly, 10 different larvae were rinsed twice in fres
water. They werghen placed in 24vell plates with 1
mL fish water and assigned with oferva/ well and
incubated for 30 min at 28. Finally,to analyze the
movement of the zebrafish larvae, we useebra Lab
software (Viewpoint, France) and evaluated tt
movement for 10 min.

H:DCFDA staining

For estimating the production of free radicals ar
accumulation of reactive oxygen species (ROS)
zebrafish larvae, we followed the previously publish
paper from our research group (Chang et al., 202
Zebrafish were treated with varying concentrations
vit. Drand quercetin starting from 6 hgf20 hpf. After
120 hpf treatment with different doses of vit.2and

qguercetin, the zebrafish larvae were exposdd

H5/ Cc5! |4 + R2asS 2F% wmn >
hour at 33 in complete darkness. After incubation, th
zebrafish larvae were washed with PBS and obser

under the microscope for the production of ROS. T
intensity of the green fluorescence was determined
the final concentration of ROS and was analyzed us
Fy htéyYLdza .- -pn Ff dz2 NB:
magnification.

Estimation of cytokines and oxidative stress fron
zebrafish tissue homogenates

The zebrafish larvae homogenates were used

experimenting. For measuring malondialdehyde, \
followed the Y I y dzF | O dzNB N & l
Cambridge, CB2 0AX, UK). For detection of inflamma
iINOS (#13120, Cell Signaling), and-TNF6 | ¢ dn
Signaling) we used sandwich enzylimked

immunosorbent assay. Athe experiments were strictly
carried out in trplicates and the absorbance was take
on a microtiter plate reader at 450 nm (Blek

Instrument Co., WA, USA). For detection of antioxid:
enzymes such as catalase and Glutathione, we used
/&Yty ‘+raaleé 1Ad FyR 7
protocol.

Senescence a & 2 O AghlactddRlase activity

For determining  Senescence  associateeta
galactosidase (SiAcgal) activity, we followed the
YI ydzF I Ol dzNB N & -gdlidt@ning i©e2hbd
(Sigma) and from the previously published manusct
(Da Silvgt t @I NBT Sl |t ®X HAH.
hpf, zebrafish larvae were washed twice with 1 ml of P
per well/plate. Next, add 1.5 ml per well of fixatiol
buffer and incubate the plate for 15 minutes at root
temperature. During the fixation process pme the
staining mixture as described in the preparatic
instructions. Rinse 3 times with 1 ml of PBS ¢
well/plate. Later, add 1 ml of the staining mixture t
SIOK 4Stfd LyOdzo kiindl theé dells:
are stained blue (2 hours to overnigh$eal the plate
with parafilm to prevent it from drying out. After the
completion, wash the plates with PBS and observe -
zebrafish larvae under the bright field microscope a
count the number of bluestained cells and larvae
expressing beta galactosd

Acridine OrangeEthidium bromide staining

For the analysis of cell death and apoptotic ever
happening in zebrafish larvae (Alvarez et al., 20
Chang et al., 2021a), the surviving larvae of 6 dpf ¢
controls were transferred to acridine Orange
(AO)/ethidium Bromide (EB) solution; both at 0.5 mg/t
F2NJ on YAydziSa i otc/ o
and provides a green color to the core, unlike EB, wh
is only incorporated into the cell when this has lo
membrane integrity, givig a red color to the nucleus
After labeling time, the larvae were observed under t
BX50 Olympus fluorescence microscope. Through
program of ImageJ, the analysis of the areas from gre
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fluorescence was performed, highlighting areas of tiss
with living cells and tissue areas with permeable E&ll
The use of the image analysis program ImageJ allo
to estimate the fluorescence intensity in differer
regions of the larvae, under control and treate
conditions.

Statistical analysis

The data preseted in this manuscript were conductec
using GraphPad Prism software (version 5). The data
SELINBa&aSR KSNB INB GKS Y
significant differences between the mean values we
analyzed using onway analysis of variance (ANOV.,
wil K ¢dzl SeQa GSad O2YLI NR
* representsp-values < 0.05, ** representgs-values <
0.01, and *** representp-values < 0.001.

Results and Discussion

Evaluation ofthe developmental toxicityof vitamin Dz
on zebrafish embryo

Zebrafish eggs were collected after mating and we
treated with varying concentrations of higlose vit. D
6mMI p FYR mMnan >3kY[ 0 2NJ

24 hpf

(A) 6 hpf

Control

1 pg/ml

S pg/ml

Vitamin D, (ug/ml)

10 pg/ml

5 pg/ml

Quercetin (ug/ml)

10 pg/ml

estimate the developmental toxicity and lethality. Tt
structure of vit. D and quercetin areshown in
Supplementary Fig. 1. Treatment started as early a
hpf (hours post fertilization) and continued till 120 hp
The hatching rate observed after treatment with vit [
6mME p YR wmn >3kY[0 681
66.66%, whereas for quercetinp | YR wmn
hatching rate was found to be 90% and 80%
comparison to no treatment control group that had
hatching rate of 90% (Figure 2A). Next, we evaluated
heartbeat/min of zebrafish larvae at 120 hpf. W
observed a drop in the heartla#/min with increasing
concentration of vit. @ The heartbeat per minute for
different concentrations of vit. O MX p | Y R
were 165, 163 and 142.33 in comparison to control (1
heartbeat/min), whereas there were no significar
changesinthe (8NOSGAY 6p YR wmn
170 and 165 heartbeats/min (Figure 2B). Subsequen
over a 6day period we evaluated zebrafish embryos f
abnormalities every day after drug treatment. TF
different abnormalities observed from morphologici
images were curved tail, coagulation, yolk edem:
pericardial edemahydrocephalus and curved fin, whic
was significantly higher in vit. 2D(Figure 1).The
percentage of the occurrence of different abnormalitie
in the head, tail, yolk sac, and pericardia regiof the

48hpf 72 hpf 96 hpf 120 hpf

Figure 1 Observation of morphological deformities at different time points after treatment with fugke vit. B(1,5 and 10

>3k YO
hydrocephalus. (n=20/group).

2 NJ |j dzS NI iCAcyagutatipn, Yeydk edema, peiricardial edema, eturved tail, cfcurved fin, h
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Figure 2Evaluation of different parameters after treatment with vie®m = p | /Rt mn2 M3l dzZSNDOSGAY o p
(A) Percentage of zebrafish hatching rate (B) Zebrafish heartbeat/min at 72 hpf (hours post fertilization) (C) Estiraagoege!
zebrafish body length at 120hpf (D) Different morphological abnormalitygreage of zebrafish embryos after treatment with hic
dosevit BomMZIp YR wmn >3kYE0 2N |jdSNDOSGAY o6p FYR wmn >3IkYfO0
Percentage of zebrafish maximum velocity. The data that are represéh@iNS I N& (G KS YSIya g { 5
indicated as P < 0.05, *p < 0.01, **p < 0.001 and ns (nesignificant), control vs vit. ZYroup, control vs Quercetin groupontrol
vs vit. D+ quercetin group. Statistical significance lgsess was carried out through a omeay analysis of variance (ANOVA) prisn

embryo is shown irigure 2D. Our next evaluation we
performed after continuous treatment with vit. 2or

120 hpf. The average body length of the respecti
groups was found to be: control (4.03mm), vit (D, 5

FYR wmn >3kY[ 0 omdwheeasnfor
j dZSNOSGAY o6p FYyR mn >3kY
4 and 4.1 mm (Figure 2C). Finally, we evaluated

survivability percentagerate from 120 hpf larvae. The
control group had a survivability rate of 93%, where
vit,. > 6 MX  p | ¥R) showed suBivability
percentage rate of 78.33, 55, and 20%. The morta
rate of zebrafish larvae rose to 80% on embryos treat
GAGK mn > 2[K NS GBS @ S |
significant difference in the survivability rate ¢
zebrafish lavae treated with quercetin. Quercetin at !
FYyR mn >3kY[ aK2¢gSR | &,
90% and 85.8% (Figure 2E)There was also a dose
dependent downregulation of larval motility in higr
dose vit. D2 (Figure 2F). After analyzing the abev
mentioned result, we decield on the concentration of
vit,. G p >3KY] aryosS i
percentage of 55%. We proceeded with the next stu
for the synergistic effects of vit..ilh combination with

varying doses of quercetin on developingbeadish
embryos.

Quercetin ameliorates higkdose vitamin B induced
developmental toxicity on zebrafish embryo

We evaluated the synergistic effect of vit.2[and
quercetin after evaluating the toxicity of higlose vit.
Dz having survivability of 55% at a concentration ran
2T pnlL ¢FBwe 2E). We decided to use this dos:
group for evaluating thesynergistic effect quercetin
might exert in reducing the malformations an
survivability percentage. The hatching rate w
dgnificantly increased as observed for tF
combinational treatment group of higtose vit. B (5
>AKY[ O b 1jdzZSNOSGAY owmz
hatching rate of 75, 76.66, 90% in comparison to
treatment group with a hatching rate of 99 (Figure 3B).
Next, we evaluated the heartbeat/minute ratio on 12
hpf zebrafish embryos to see a significant enhancem:
in the heartbeat ratio similar to control in vit.2@nd
quercetin treatment groups in a doskependent
manner. The calculated heartbeat/min ratio fbigh-
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Figure 3Evaluation of different parameters after ¢atment withvit. 36 p >3Ik YE O F YR [ dzSNOSGAY
(A) Observation of morphological deformities at different time points aftetreatment with vit. 6 p >3k YE 0 | Y F

I'yYR wmn > Becicdaridial @demdS(B) Percentage of zebrafish hatching (@)eEvaluation of heartbeat/min at 72 h{i)

Estimation of average zebrafish body length at 12@&pDifferent morphological abnormality percentage of zebrafish embryos
treatment with highdose vit 6 M= p YR mn >3k Yf 0 2N | dzS NIvbzébrajish supivabilfrite (&),
t SNOSydGl3S 2F YFEAYdzYy 1SoNI FAAK @St20AdGed ¢KS RIGH (&is
indicated as < 0.05, **p < 0.01, ***p < 0.001 and ns (nesignificant), where control vs vit,Broup, contol vs Quercetin group
control vs vit. B+ quercetin group. Statistical significance analysis was carried out throughaaynanalysis of variance (ANOV
prism.

dosevit.t BOp >3IKkY[ O b |j dzSNODSi abnormality in head, tail, yolk sac and pericardia w

were 165, 171.66 and 173.33 in comparison to cont  reduced significantly in etreatmentgroups (Figure 3E)
176 heartbeats/min(Figure 3C)The percentage of the ~ We observed no significadffference in the body length
occurrence of morphological malformations we  ©Of zebrafish embryos showing 4, 4.1 and 4.2 mm

calculated as per the abnormality obsenviecthe head, combinational treatment and 4.13 mm for contrc
tail, yolk sac, and pericardia, where quercetin was a  groups (Figure 3D). Finally, we evaluated t
to significantly reduce the effects of malformations ~ survivability of zebrafish embryos after combination
the larvae induced by treatment with higiose vit. B. treatment at 120 hpf. Theresults revealed that
The aberrations observed from morphological imag duercetin was able to significantlgduce the toxicity
were coagulation after24h treatment, curved fin, and mortality of embryos caused by high concentrati
curved tail, yolk edema, pericardial edem. treatment of vit. D The survivability rate observed fo

hydrocephalus (Figure 3A). Fe percentage of highdose vit. B6p >3k Y[ O b [j dzSP
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Vitamin D, (pg/ml) Quercetin (ng/ml)

(A) 5 ng/ml 5 ng/ml 10 pg/ml

DAPI

H,DCFDA

Vitamin D, (5 pg/ml) + Quercetin (ng/ml) (B)

1 pg/ml 5 pg/ml 10 pg/ml

Figure 4 Estimation of ROS generation after treatmentwithvitobMZ p YR mn >3k Y 0 X | dzEanddrs |
with highdosevit. Bo p >3k Yt 0 F Yy R | dz8 NO SiDERDA stankg gp 120 hpfor different tatriveht grou
Green fluorescence: production of ROS; blue fluorescence: staining of the nucleus (B) Fluorescence intesBEy bif-ktaining
forvit, 6MZp FYR mn >3kYE0X [jdzSNOSGAY o6p FyR mn >3kYf0 (N
S.D where significant difference is indicated ag € 0.05, **p < 0.01, **p < 0.001 and ns (nesignificant), where control vs vit
D, group, control vs Quercetin group, control vs vitHjuercetin group. Statistical significarexealysis was carrieolut through
a oneway analysis of variance (ANOVA) prism.
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>3k Y[ 65 85%NIB6.66% in comparison to contr
group having a survivability rate of @)(Figure 3F). The
motility of zebrafish larvae was also significantly bett
in cotreatment groups (Figure. 3G). We observed th
guercetin was able to significantly enhancthe
development of zebrafish embryo in combination wit
vit. D.. The hatching rate was fastenedpon the
combinational treatment which increased dose
dependently. We also observed that the heartbeat rat
was normalized and similar to control groups idase
dependent manner. The formation of major organs w
also enhanced with a drastic reduction in th
morphological abnormality rate. Conclusively, v
observed that combinational treatment of vit..and
guercetin had a synergistic effect by boosting tt
development of zebrafish embryos.

Quercetin equilibrates highdose vitamin D induced
oxidative stress and enhanced antioxidant enzymes
zebrafish larvae

Oxidative stress is one of the major mechanism -
toxicity in vitroandin viva The changesbserved in the
antioxidant enzymes are important for understandir
the effect of druginduced toxicity on redox homeostasi
(Thirumurthi et al., 2021). In order to analyze tf
production of intracellular ROS, we performesDI€FDA
staining. They are fluogenic dyes widely used fo
measuring hydroxyl, peroxyl, and other reactive oxyg
species (ROS) activity within the cells or in the tiss
The observation from our staining images revealed tt
treatment with vit. D alone had highly expresse:
fluorescene which increased in a doskependent
manner as an indication for the presence of more fr
radicals. Quercetin treatment also revealed that
>3k Y[ KI RxprlessihiotgfeénMilorescence i
comparison with control (Figure 4A). Finally, tt
combinafonal treatmentofvit 6 p >3IK Y[ 0

6mME p FYR mn >3kY[U0 &K2
significantly neutralize and reduce the expression of fr
radicals and creating a sort of balance in the embryo
zebrafish larvae (Figure 4B). Theofescence intensity
was calculated from the respective images of tl
different treatment groups revealing that quercetin ha
a synergistic effect when treated itcombination with
vit. D> and was able to downregulate the expression
ROS. We also performeda malondialdehyde
biochemical assay for excessive lipid peroxidation ¢
observed a dosélependent reduction. The expressio
of MDAforvit RO MZ p FYR mna >3KY
YyY2f kY33 gKSNBIF A |jdzZSNDS
and 2.3 nmol/mg. e MDA concentration observed fo
highdose vit. o6 p >3IK Y[ O b lj dzSND
>3IKY[ O 6SNE o0 OH prag (RigdFA). We
did not observe a significant difference in th
concentration and expression of iINOS and NI
concentration (Fig. B, C). However, quercetir
treatment was able to upregulate the concentratiof

catalase and GSH. The concentration of catalase for

TRIFA®R269
oM p FYR mn >3kY[U0O 685
GKSNBI & || dZSNDSGAY o6p I yEF
>a ® ¢ K Strator of Kighgbse vit. RO p > K

YR m™mn

j dZSNOSGAY 6mZ p
>a AY O2YLI NRasgoiGacdaAPI
observed a slight increase in the GSH concentratior
higher doses of quercetin treatment groups (Bg). We
conclude from this above finding that quercetimas
able to alleviate higllose vit. D induced oxidative
stress.

Quercetin treatment reduced expression of/&i - gal
in high-dose vitamin Rtreated zebrafish embryos

There have been reports froseveral different studies
for the occurrence of cellular senescence during t
development of tissues in different types of bird
amphibians, and mammals. The presence of cell.
senescence during the development of zebrafi
embryos has also been reped (Villiard et al., 2017).
One of the key phenotypes of senescence includes
senescence associatdmbta galactosidase activity an
these senescent cells produce high levels of react
oxygen species (ROS) and also contain elevated leve
DNA damagewhich was observably seen in zebrafi
larvae at 120 hpf. Our results revealed thaf&- gal
activity and expression were upregulated in all the v
Dz treatment groups in a dosdependent manner and
was prominently visible in the yolk sac regions a
extending to the intestines, esophagus, regions of t
brain and spinal cord-&/ - gal activity was also presen
in quercetin only treatment groups. The-AS 3
activity  and expression  were  significantl
downregulated in combinational treatment groups
high-dose vit. @ +quercetin as evidently observed an
visibly absent from the spinal cord and lesser express
in other regions of the zebrafish larvae indicating ti
positive effects of combinational treatment on zebrafis
larvae Figure 6A.

Quercetin alleviates highdose vitamin B induced
zebrafish larval cell death

Druginduced toxicity and cell death have been w
documented and studied in zebrafish larvae (Li et i
2018; Alvarez et al., 2014). Cell death usually occ
through apoptoss and necrosis. Apoptosis cell dea
involves a genetically determined elimination «
damaged cells from the tissues and the body of t
organism (Chang et al., 2021b). Many drugs used for
treatment of different types of cancer result in DN
damage with leads to apoptotic cell death. Som
hormones, such as corticosteroids also lead to apoptc
cell death in some cell types. Similarly, vithBs been
shown to induce apoptotic cell death on 480 cells.
Their study showed that DNA fragmentation oaeuarin

the cells at a concentration of 16M which is a typical
hallmark of apoptosis. To confirm if a higbhse vit. @

could trigger apoptosis, we performed a dual acridii
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Vitamin D, (ng/mL)
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Quercetin (ug/mL)

Control

N ’
" ‘}.;!'

5 pg/ml

SA-B-gal

10 pg/ml 5 pg/ml

10 pg/ml

L

» s T

Vitamin D, (5 pg/mL) + Quercetin (ug/mL)

1 pg/ml 5 pg/ml

Figure 6:(A)Estimation of S\ - gal activity after treatment with vit. {1, 5and 16 3k Y[ 0 £
lj dzSosda & (Y AAD -dal ficsitive cells gtaining for evaluation

treatment with highdose vit. (5> 3k Y[ 0 F Y R

10 pg/ml

li dzS NOBKIR [y ¢

cellular senescence expressed as blue céloow marks indicates the presence of §Acgal staining in the yolk sa€hin arrow
marks is an indication for the presence of intensec¢Sdgal staining in the caudal (cloacal) end of the intestibetted arrow
marks is an indication for the presence of@#&gal staining in the spinal cordrrowhead in blueis an indication for the presenc
of SAJ ¢gal staining in the brairRed circlesis anindication for the presence of &Acgal staining in the oesophagyus of zebrafi

larvae at 120 hpf. (scale bar= 280y v ®

orange/ethidium bromide (AO/EB) fluorescent stainin
AO/EB staining has longdre used to identify apoptosis
associated changes to the cell membranes during
process of apoptosis (Gherghi et al.,, 2003). AOi
method can be used in an accurate way to distingu
iKS OStfta G GKS RATFTFSNI
al., 2006).Therefore, AO/EB staining can be effective
used to estimate the drug sensitivity test (DSTS). 1
fragmentation in the DNA absorbs and take up tl
ethidium bromide stain making an orange color whi
the other parts of the staining takes up acridine oran:
and emits a green fluorescence. In consistent with t
cell results by other researchers, we observed tt
zebrafish treated with varying concentrations of hig
dosevit BOMZ p YR wmn >3IkKY[ O
orangecolored nuclei as an indicatioof dead cell
becoming permeable to ethidium bromide stain whic
happens during apoptosis. There was also a do
dependent increase in the number of dead cells a
fragmented DNA in the zebrafish larvae on vit

groups. However, ctreatment groups of . D» and

guercetin showed an effective reduction in the numbi
of apoptotic events occurring in the zebrafish larvae a
further enhancing the healthy development of zebrafis
larvae (Figure 7A, B). In conclusion, we observed t
guercetin effectively Beviatedthe toxic effects of high
dose vit. Rinduced apoptotic cell death.

Discussion
Development of embryos isn organized, complex

sophisticated and puzzling process in which the chan
occurring in the molecular and cellular levels a

manifested through the phenotype of the organisn
Evaluating the embryotoxicity and teratogenic toxici
of vitamins and compunds from therapeutic plants
affecting or benefitting the development of the embryc
is very important which testing the pharmacologic
effects of the therapeutic compounds. Zebrafis
embryotoxicity study has become an indispensable tc
for evaluating he toxicity and efficacy of drugs an
natural compounds. We evaluated the toxicity
administering higkdose vit. Rin triggering aberrations
during the development of zebrafish embryos. TI
treatmentofvit BOMZ pX mn >3IKY[ U
we treated everyday till 120 hpf. The evaluation 1
teratogenicity was performed every 24 h to evalua
morphological deformities such as delayed hatchi
rate, coagulation, yolk edema, pericardial edem
curved tail, curved fin, and hydrocephalus, which e t
common parameters of teratogens induce
abnormalities. Although vitamin D is a very importa
fat-soluble secosteroids needed for our body to functic
normally, however here we report the first case ¢
zebrafish embryotoxicity induced by higlose vit. D..

Through analysis of visual assessment by microsc
and scoring the morphological features, we observ
clear defects in the development of zebrafish embry
Fd p YR wmn 2>THxhafching rate a@d
survivability rate were drastically redud@nd the body
length was found to be shorter and smaller at a higr
dose of vit. @ The period of hatching is criticall
important during zebrafish embryogenesis and delay
the hatching rate is attributed to the different
developmental abnormalitie©ther parameters such a:
motility of zebrafish larvae also revealed that expost
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Vitamin D, (pg/ml)

Quercetin (ng/ml)

(A)

Control 1 pg/ml 5 pg/ml

AO-EtBr

Vitamin D, (5 pg/ml) + Quercetin (ng/ml)

1 pg/ml 5 pg/ml 10 pg/ml

Figure 7 Estimation of cell death by acridimeange/ ethidium bromide staining after treatment with vit,® m = p
[-tyedment aith highdogd vit. D@ NI ©FA Kk Y 0

j dzZSNOSGAY o6p

10 pg/ml 5 pg/ml

10 pg/ml

Cell death (%)
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cell death evaluated AGtBr staining. Arrowrepresents the regions of dead cells where ethidium bromide bgidag out an

2N} y3IS 02t 2N®» ¢KS RFGLI
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F' NB NBLNBASY(ISR KSNKEOBNG<(

0.01, *** p < 0.001 and ns (nesignifi@ant), where control vs vit. Jroup, control vs Quercetin group, control vs vit:H3uercetin
group. Statistical significance analysis was carried out through avageanalysis of variance (ANOVA) prism.

to high-dose vit. D reduced the locomotion ability,
which was attributed to alteration and damage to th
central nervous system (Sun et al.,, 2016). Anott
mechanism reportd by other researchers is drug
induced oxidative stress resulting in elevated reacti
oxygen species (ROS) production and an appal
decrease in the concentration of antioxidant enzym
(Deavall et al., 2012). ROS is the key factor in promo
oxidativestress and the generated oxygen free radici
damage the biological molecules by stealing electro
The antioxidant enzymes such as SOD, catalase,
glutathione works by neutralizing these free radicals
donating electrons and reduction in these antidants

create an imbalance in the antioxidant system. The
free radicals are the product of a normal celluli
mechanism present as a single atom or as molect
containing one or more unpaired electrons in the
valence shell or the outer orbit. Thes@aven number
of free electrons makes them very unstable, short live
and highly reactive. Hence, these free radicals ¢
extract electrons from other molecules present in tF
biological system to attain stability thereby creatir
more instabilityand stating a chain reactioncascade
system that finally damagethe entire cel§, tissues, and
organs(Jones., 2008). Both ROS and reactive nitro¢
species (RNS) collectively constitute the free radi
species which play both the roles as being beneficial
toxic for the living system (Phakuy and Phartuy.,

2008). Excessive ROS production has been founc
cause damage to the integrity of the variol
biomolecules such as lipids (Witztum and Steinbel

1991), different types of proteins (Davies., 2016), a
DNA (Marnett.,, 2000) which leads to an increase
oxidative stress causing numerous diseases such
neurodegenerative diseases, cardiovascular disea:
respiratory diseases, aging and so forth (Stadtme
2006). We observed a sharp dedependent increae in
the intracellular ROS production and malondialdehy
concentration in zebrafish larvae treated with higbse
vit. D.. However, quercetirwas able to significantly
counteract and neutralize the generation of RQ
Similarly, we observed a slight inese in the
antioxidant enzymes such as SOD and glutathione-in
treatment groups indicating that quercetin played
major role in reducing the toxicity of higlose vit. R.
We also observed a sharp decrease in the apoptotic
death events in cdreated groups of zebrafish larvae
These results further elucidated the protective role
quercetin from the toxic effects of higthose vit. Rin
embryonic developmentThe findings from this study
can be used to further explore the protective role «
guercein in druginduced toxicity studies.

Ethical Statement

All the experiments procedures were performe
according to the guidelines for animal care and handli
norms approved by the Institutional Animal Care al
Use Committee of Daegu University, Gyeondgh@&pnuth
Korea (Number: LaR021E164709).



Turkish Journal dfisteries & Aquatic Sciense

TRIFAZ269

Funding Information

This work was supported by Korea Institute
Planning and Evaluation for Technology in Fo
Agriculture and Forestry (IPET) through Customi:
Innovation Food & Natural Relief Materiahgineering
Development Program (or Project), filed by Ministry
of Agriculture, Food and Rural Affairs (MAFF
(31904 73).

Supplementary Figure IStructure of vit. and quercetin.

Conflict of Interest

The authors declare no conflict of interest. Tt
funders had naole in the design of the study; in the
collection, analyses, or interpretation of data; in th
writing of the manuscript; or in the decision to publis
the results.

References

Alvarez, M., Urbina, G., Perdomo, L. (2014). Excretion prot
of Shigelladysenteriae (SdyEP) induced cell death
early larval stage of Zebrafish (Danio rerio): Acridi
orange and Ethidium bromide (AO/EB) in vivo stainii
International Journal of Morphologyol.31, pp.1175
1180.
https://doi.org/10.4067/S07179502201400010014

.FalA0T 503 t2LRIGAGI { o
Analysis of cycloheximidaduced apoptosis in humar
leukocytes: Fluorescence microscopy using anne
V/propidium iodide versus acridin orange/ethidiur
bromide. Cell Biology InternationaB0 (11): 924932.
https://doi.org/10.1016/j.cellbi.2006.06.016

Chang, S.N., Dey, D.K., Oh, S.T., Kong, W.H., Cho, K.
Olayan, E.M., Hwang, B.S., Kang, S.C., Park, J.G. (.
Phorbol 12myristate 13acetate induced toxicity study

Author Contribution

Sun Chul Kang designed the experiment. Sukk
Ngullie Chang performed the zebrafish embryotoxic
study and wote the manuscript. Hyun Jin Kim and Si
Chul Kang critically reviewed and approved i
manuscript. All authors have read and agreed to tl
version of the manuscript.

and the role of tageretin in abrogating hifr Bnf-* o
crosstalk in vitro and in vivdnternational Journal of
Molecular Sciencel(23), 9261.
https://doi.org/10.3390/ijms21239261

Chang, S.N., Khan, I., Kim, C.G., Park, S.M., Choi, D.K., |
et al. (2021b). Decursinahgelate arrest melanoma cel
proliferation by initiating cell death and tumor shrinkag
via induction of apoptosisinternational Journal of
Molecular ScienceZ2(8): 4096.
https://doi.org/10.3390/ijms22084096.

Chang, S.N., Kim, S.H., Dey, D.K., Paflk, Sasif, O., Bajpai,
V.K., Kang, S.C., Lee, J.T., Park, J.G. (2020a).
demethylnobiletin alleviates cclithduced acute liver
injury by equilibrating rosnediated apoptosis and
autophagy inductionlnternational Journal of Moleculat
Science22(3), 1®B3.
https://doi.org/10.3390/ijms22031083

Chang, S.N., Lee, J.J., Kim, H.J., Kang, S.C. (2021). Qu
enhances vitamin D2 stability and mitigate th
degradation influenced by elevated temperature ar
pH. Turkish Journal of Chemistrg5: 11551161.
https://doi.org/10.3906/kim21035

Choi, T.Y., Choi, T.l., Lee, Y.R., Choe, S.K., Kim, C.H.
Zebrafish as an animal model for biomedical resear
Experimental and Molecular Medicin®3, 310¢317
https://doi.org/10.1038/s12276021-0057 15

Da Silva# f @} SlBduerra/arela, J., Sobridb | YSt y



