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Prilocaine Hydrochloride Protects Zebrafish from Lethal Effects of
Ionizing Radiation: Role of Hematopoietic Cell Expansion
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Drug repositioning is an approach of significant translatability, and the present study was undertaken to
screen a collection of FDA approved small-molecule clinical compounds for identification of novel radio-
protective agents. Screening of JHCCL (Johns Hopkins Clinical Compound Library), a collection of 1,400
FDA approved small molecules, lead to identification of prilocaine hydrochloride, a local anesthetic used
widely during dental procedures, as a potential radioprotector. Prilocaine, at a concentration of 20 pM,
protected zebrafish from radiation induced (20 Gy) pericardial edema (PE), microphthalmia and rendered
60 % survival advantage over radiation exposed controls. While 40 % survival advantage over radiation
exposed controls was achieved with 10 pM prilocaine. Prilocaine, in a dose-dependent manner, scavenged,
radiation-induced hydroxyl radicals and maximally (43 %) at the highest concentration (1 mM) tried in this
study. However, prilocaine exerted a mild superoxide anion scavenging potential (around 5 %) at all the
concentrations used within this study. Prilocaine, at 20 pM concentration, significantly increased erythro-
poiesis, a marker for HSC function, in caudal hematopoietic tissue (CHT) in wild type and anemic zebrafish
embryos (1.48 and 0.85 folds respectively) when compared to untreated (1) and phenylhydrazine (PHZ) (0.41
fold) treated control groups respectively. These results suggest that prilocaine is a radioprotective agent and
free radical scavenging and HSC expanding potential seems to be contributing towards its radioprotective

action.
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INTRODUCTION

Ionizing radiations like gamma and X-rays cause
damage to the biological system through generation of
free radicals and oxidative stress. The damage ranges
from mortality to long-term effects in the form of in-
duction or enhanced sensitivity to a variety of chronic
diseases [1-3]. At the molecular level, oxidative damage
to DNA, protein and lipids leads to downstream stress
related responses, including cell cycle arrest, apoptosis
[4]. In view of health concerns associated with radiation
exposure scenarios like terrorist attacks, reactor acci-
dents and ever expanding medical application of radio-
nuclide’s, development of clinically acceptable radiation
countermeasure agents holds strategic importance [2].
Earlier studies have established that molecules of both
synthetic and natural origin in isolation or as a combi-
nation have been reported to exert protection against
lethal doses of ionizing radiation in a variety of model
organisms [5]. A spectrum of different mechanisms
has been attributed for radioprotection, and it includes
free radical scavenging, antioxidant, metabolic modifi-
cation, DNA repair, HSC proliferation [6]. However, a
clinically acceptable agent for protection against lethal
doses of ionizing radiation is still eluding. Another
key hurdle in their clinical utility is that any novel
molecule identified from screen needs to undergo the

set of clinical trials prior to applications and due to
the towering attrition in phase I clinical stages, routine
drug discovery programs suffer money and time loss
[7]. In view of this, drug repositioning is an approach
of high translatability and success stories, including
novel applications for thalidomide, fluoxetine, etc. have
renewed interest in identifying leads for other import-
ant human diseases [7]. Screening of small-molecule
clinical compound library for identification of novel
molecules with radioprotective action is an approach of
promising translatability [7, 8]. Target based screening
of large collection of compounds using cell lines (in
vitro) as model system has yielded promising molecules
with potential therapeutic implications. Nevertheless,
cell lines fails to mimic the physiological context and
more importantly in neuro-endocrine context, which
significantly dictates success in pre-clinical and clin-
ical stages. Mice are a valuable model system for the
understanding patho-physiology of human diseases.
However, the size, labor, time requirements make it
cost prohibitive for conducting small-molecule screens.
Hence, there is a compelling need for identifying novel
animal models, which satisfy the in vivo context and
amenability for high or medium throughput screening.
Zebrafish, tiny tropical teleost, has made a significant
impact in biomedical research, and it has been put to
use to study the aspects of biomedical significance [9].
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High fecundity, lesser husbandry cost along with ad-
vantages like rapid development, availability of genetic
resources, ease for the development of transgenic lines
and amenability for medium throughput screening
has made zebrafish a valuable model organism for
both basic and applied biomedical research [10].
Comparison of zebrafish and human reference ge-
nome revealed that 70 % of human genes have at least
one obvious zebrafish orthologue [11]. Developing and
adult zebrafish have also been used for screening and
identification of radioprotectors [12]. Currently a num-
ber of small-molecule compound libraries are available
commercially and in the present study, JHCCL was
used for screening and identification of potential
radioprotectors using developing zebrafish as a model
organism. JHCCL is a collection of FDA approved
small-molecule drugs and of all the existing drug
libraries, this library contains 1400 FDA-approved
drugs (41% of approved compounds; 1400 out of
3400) (http://htc.wustl.edu/library/ JHCCL.html,
http://remarag.org/drug_screen.html) [13]. JHCCL
also include small-molecule clinical compounds, which
have not yet been screened for the aforesaid purpose,
making it a unique collection for studying radiation
modulation.

MATERIAL AND METHODS

Small molecule library

JHCCL (verl. 2) was obtained from Johns Hopkins
University, USA and all chemicals, otherwise men-
tioned, were obtained from Sigma, MO, USA.

Zebrafish husbandry, embryo collection

Wild type (AB) zebrafish embryos were maintained
at INMAS zebrafish facility on a 14 hour light/10 hours
dark cycle at 28.5°C and all the experiments were car-
ried out in accordance to the animal ethics guidelines of
INMAS, Delhi, India (8GO/a/99/CPCSEA). Embryos
were collected, staged and maintained in embryo medi-
um (E3 medium; 5 mM NaCl, 0.17 mM KCI, 0.33 mM
CaCl,, 0.33 mM MgSO,) at 28.5°C. For better visual-
ization of internal structures in some experiments, em-
bryos were incubated with 0.003 % 1-phenyl-2-thiourea
(PTU) to inhibit pigment formation.

Radiation exposure and small-molecule treatment

Wild-type age matched zebrafish embryos (20
hours post fertilization (hpf)) were arrayed in 48 well
plate (n = 10) and small molecules from JHCCL were
added at a concentration of 10 pM, 30 minutes prior
to exposing to 20 Gy gamma radiation (60 Co source;
Gamma cell 5000, AERB, India; dose rate 1.02 kGy/
h). Post irradiation, embryos were incubated at 28.5°C
for 24 hours, dechorionated manually and maintained
till 96 hpf to evaluate the morphology and survival.
Photomicrography of representative embryos was
performed using a Olympus stereo zoom microscope
(82X16, Olympus, USA) at 100X magnification.
Further, dose optimization was done for prilocaine for
radioprotection.

Quantification of pericardial edema and microph-
thalmia
Embryos positioned laterally were surveyed for

eye size and the presence of PE and imaged using a
Olympus microscope (SZX16, Olympus, USA) at 100X
magnification and morphometric analysis of images
was performed using Image ] software, and the area
of the eye and PE was measured in pixels and used in
the further analysis.

Hydroxyl radical scavenging assay

Different concentrations of prilocaine or mannitol
was added to phosphate buffer saline (PBS) containing
2.8 mM of 2-deoxyribose (DR) in a final volume of 1
ml, and the mixture was exposed to 200 Gy gamma
radiation. The extent of 2-DR degradation was mea-
sured by following TBA method [14]. To the mixture,
1 ml of thiobarbituric acid (TBA) (1%, w/v in 0.05 M
NaOH) and 1 ml of 2.8 % trichloro acetic acid (TCA)
was added and heated in boiling-water bath for 15
minutes. Thereafter, the samples were cooled and the
absorbance of the chromogen formed was measured at
532 nm using a microplate reader (Spectramax M2e,
Molecular Devices, USA) and results were calculated
as % inhibition. Mannitol was used as a standard free
radical scavenger.

% Inhibition = [(Control OD- Test OD)/Control OD] X
100

Superoxide anion scavenging activity

For assessing superoxide anion scavenging potential,
different concentrations of prilocaine was added to
1 ml of nitroblue tetrazolium solution (156 pM NBT
in 100 mM phosphate buffer, pH-7.4; 1 ml NADH
solution (468 pM in 100 mM phosphate buffer, pH-
7.4), and mixed thoroughly. Thereafter, 100 ml of
phenazine methosulphate (PMS) solution (60 pM PMS
in 100 mM phosphate buffer, pH-7.4) was added to
initiate the reaction and the reaction mixture was in-
cubated at 25°C for b minutes, and the absorbance at
560 nm was measured against the blank. % inhibition
of OD was calculated by using the formula mentioned
earlier [15].

Chemically induced hemolytic anemia and quantifi-
cation of erythrocytes

Hemolytic anemia was induced by incubating the
dechorionated and staged embryos (33 hpf) in E3
medium containing 0.5 pg/ml of PHZ until 48 hpf.
Thereafter, the embryos were washed thoroughly using
E3 medium and, at 54 hpf, arrayed (n = 10 per treat-
ment group) in 48 well plate and exposed to prilocaine
(20ppM) and incubation were further continued until
96 hpf. O-dianisidine (ODA) staining was used for
quantifying the erythrocytes in CHT [16]. Briefly,
at 96 hpf the embryos were washed and incubated
in ODA staining buffer containing 0.6 mg/ml of
o-dianisidine hydrochloride in 10 mM sodium acetate
(pH-5.2) and 40 % ethanol. The staining reaction
was activated by adding hydrogen peroxide (20 pl/
ml; 30 % stock) and incubated at room temperature
in the dark for 15 minutes, followed by extensive
washing in PBS and fixing in 4 % paraformaldehyde
(PFA). Embryos were positioned laterally, and images
were captured (200X) using a bright field microscope
(Dewinter, Italy). Quantification of erythrocytes was
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Fig. 1 a. Effect of varied concentrations of prilocaine on radiation (20 Gy) induced effects on eye size. Embryos
exposed to 20 Gy gamma radiation in the presence or absence of prilocaine and changes in the eye size
was observed till 4th post irradiation day. b. Representative images of different treatment groups are
shown in different post irradiation days. The eye (arrow head) and pericardial edema (arrow) evident
within different treatment groups is highlighted with the dotted line. Asterisk (*) indicates the p value < 0.05,
when compared to radiation alone. NS not significant when compared to radiation alone group.

done by converting grayscale images to binary images
and erythron pixels were quantified as integral density
using Image ] software (www.imagej mihgov/7ij/,
NIH, Bethesda,USA).

STATISTICAL ANALYSIS

Data is presented as Mean = SD of a minimum of
three independent experiments and significance was
assessed by student’s t-test and a p-value less than 0.05
was considered significant.

RESULTS

Screening of library

Screening of JHCCL at a concentration of 10
PM using zebrafish survival as an endpoint yielded
a number of small molecules effective in rendering

protection against 20 Gy gamma radiation. Among
the effective hits, prilocaine was further investigated in
detail.

Modulation of radiation-induced damage and le-
thality by prilocaine

Wild-type embryos without any treatment exhibited
a continuous increase in the eye size (100 % embryos
exhibited this phenotype) until 3 dpf (days post fertil-
ization) and thereafter, no significant increase in eye
size observed during the entire experimental duration
(Figs. 1a & b). The eye size reduction and PE used
in the present study as end points, to evaluate the
radioprotection efficacy of the molecules, have been
associated with poor development of the embryos,
and are the broad-spectrum responses to toxicants.
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Fig. 2 Effect of varied concentrations of prilocaine on radiation (20 Gy) induced pericardial edema. a. Embryos
were exposed to 20 Gy gamma radiation in the presence or absence of prilocaine, and the formation of
pericardial edema was observed till 4th post irradiation day. b. Effect of prilocaine on radiation-induced
mortality in zebrafish embryos. 20 hpf embryos were exposed to 20 Gy gamma radiation in the presence
or absence of prilocaine, and survival was monitored for till the 4th post irradiation day. Asterisk (*)
indicates the p value < 0.05, when compared to radiation alone. NS not significant when compared to

radiation alone group.

Radiation exposure of 20 hpf staged embryos to 20 Gy
gamma radiation lead to a significant slowing down
of eye development and eye size (> 85 % embryos) in
comparison to untreated controls (Figs. la & b). The
size reduction was evident during the entire course of
the experiment. Prilocaine (10, 20, or 40 pM) when
added 30 minutes prior to irradiation, prevented the
radiation-induced reduction of eye size and the protec-
tive effect (> 80 % embryos) was clearly pronounced
from 3 dpf until the end of the experiment. Among
different concentrations tried, prilocaine exerted a
maximal protective effect at 40 pM. Similarly, 20 Gy
gamma radiation exposure led to a significant increase
in the area of pericardial edema (> 85 % embryos) in
comparison to untreated control groups and exhibited

a continuous increase throughout the experiment (Figs.
2a & 1b). There was a steep increase to the edema
size on day 4 after irradiation. Pre-irradiation admin-
istration of prilocaine (10, 20, or 40 pM) reduced
radiation-induced edema formation, and the protective
effects were evident until the end of the experiment (>
85 % embryos). Prilocaine optimally protected zebraf-
ish from radiation-induced PE at a concentration of 20
PM. Embryos without any treatment exhibited normal
development without any gross deformities while em-
bryos exposed to 20 Gy gamma radiation resulted in
severe deformities, including reduction in eye size, PE,
microcephaly, cup shaped spine, yellow pigmentation
and stunted growth (> 90 % embryos). These defor-
mities were found to increase in severity with time. In
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Fig. 3 a. Radiation induced OH radical scavenging potential of prilocaine or mannitol at varying concentrations.

% Inhibition of chromogen was calculated with

respect to control, which was considered as zero inhibition.

Asterisk (¥) indicates the p value < 0.05, when compared with radiation control. b. The effect of prilocaine
on chemically generated superoxide anions, measured as % inhibition of NBT reduction and chromogen

formation. Asterisk (*) indicates the p value < 0

the present study, in case of 20 Gy gamma radiation
exposed embryos, 60 % of embryos were found to be
dead by 4th post irradiation day (Fig. 2b). Prilocaine
(20 or 40 pM) when administered 30 minutes prior to
irradiation protected embryos from lethality and ren-
dered > 80 % survival advantage (Fig. 2b). Apart from
the survival advantages, the embryos showed overall
less severe deformities (> 85 % embryos) (Fig. 1b).

Hydroxyl radical and superoxide anion scavenging
by prilocaine

Exposure of 2-DR solution to 200 Gy gamma radia-
tion resulted in its degradation and formation of thio-
barbituric acid reactive substances, which in the pres-
ence of TCA interacted with TBA and formed pink
chromogen. Prilocaine, in a dose-dependent fashion,
inhibited hydroxyl radical mediated 2-DR degradation
and chromogen formation (Fig. 3a). Maximum inhibi-

.05, when compared with a total NBT reduction.

tion (43 %) was observed at the highest concentration
tried in this study (1000 pM). Mannitol, standard free
radical scavenger, did not exhibit hydroxyl radical
scavenging at lower concentrations (below 50 pM) (Fig.
3a). However, mannitol significantly scavenged and re-
duced radiation-induced 2-DR degradation at concen-
trations more than 50 pM, but the radical scavenging
efficacy was found to be less effective than prilocaine.
However, prilocaine at all the concentrations tried in
this study exhibited a mild superoxide anion scaveng-
ing action (5 %; Fig. 3b).

Effect of prilocaine on chemically induced hemolytic
anemia and erythropoiesis in wild-type zebrafish
embryos

PTU (0.003 %) that was used to block the pigmenta-
tion in developing embryos did not affect the definitive
hematopoiesis (Figs. 4a & b). Zebrafish embryos ex-
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Fig. 4 Effect of prilocaine on recovery from chemically induced hemolytic anemia in wild-type zebrafish embryos.
a. Left panel; Representative images of o-dianisidine stained wild-type embryos without (a) or with (b) PTU.
Representative image of PHZ treated wild-type embryos is shown in c. d-g. The approach used for quantification
of erythrons. Grayscale images were converted into binary images and quantified using Image | software. h. PHZ
and control embryos were treated with prilocaine (20 pM) and monitored for the formation of mature erythrocytes
in caudal hematopoietic tissue (CHT) at 96 hpf by staining with o-dianisidine Asterisk (*) indicates p value < 0.05,
when comparison was made between respective groups. NS, not significant.

posed to 0.5 pg/ml of PHZ from 33 to 48 hpf showed
complete loss of circulating erythrocytes and anemia
by 72 hpf (Fig. 4c). Removal of PHZ led to recovery of
erythropoiesis by 120 hpf (data not shown). At 96 hpf,
PHZ treated embryos showed few mature erythrocytes
in the CHT (0.34 folds in comparison to the untreated
control group; Figs. 4d-h). Prilocaine at a concentra-
tion of 20 pM significantly enhanced erythropoiesis at
CHT region (1.48 folds) in comparison to untreated
wild-type embryos. Prilocaine also increased erythro-
poiesis in the CHT region (0.85 folds) in comparison
to anemic control (0.34 folds).

DISCUSSION

The mid blastula transition stage of developing ze-
brafish has been reported to be the most radiosensitive
stage and suitable for screening agents for radiation
protection [17]. However, in this study 20 hpf embryos
were used for radioprotector screening as a significant
number of embryos either die or do not develop nor-
mally during 24 hpf and those which develop normal-
ly by 24 hpf attain adulthood. In the present study, 96
hpf were considered as the time limit for assessing both
the mortality and organ damage as initial six days the
embryos are independent of external feeding which
minimize the variability in terms of differences in
feeding ability post irradiation. In fact, similar screen-
ing schedule in zebrafish was used by several investi-
gators for identification of radioprotectors [17-19]. The

screening identified a number of small molecules with
radioprotective potential, and a number of molecules
were found to be either sensitize or had no significant
effect on induction or recovery of radiation-induced
damage (data not shown). Among the molecules which
rendered radioprotection, prilocaine, a local anesthetic
of the amino amide type first, was found to be novel
with significant radiomodulatory effect. However, it
does not rule out the possibility of other molecules be-
ing more potential, as the screening concentration (10
pM) tried may not be optimal for these compounds.
Further studies are warranted to identify the optimal
concentrations for these compounds. Prilocaine, at a
concentration of 20 pM, significantly protected the
embryos, both from lethality and radiation-induced
organ toxicity, assessed as pericardial edema and eye
size (Figs. 1 & 2) indicating its potential to act as a
radioprotector.

To decipher possible mechanisms contributing to its
radioprotective action, ability to scavenge radiation-in-
duced free radicals was assessed. Radiation mediated
damage involve the generation of free radicals, oxida-
tive damage to macromolecules and cell death and free
radical scavenging has emerged as one of the potential
radioprotective mechanisms [1, 5]. The 2-DR assay is
a reliable cell free system, widely in use, for assessing
hydroxyl radical scavenging potential of an agent
[14]. Prilocaine inhibited hydroxyl radical mediated
degradation of 2-DR, suggesting its radical scavenging
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potential (Fig. 3a). In fact these results in corroboration
with earlier reports showing radical scavenging po-
tential of prilocaine [20]. Prilocaine, at radioprotective
concentration (20 pM), significantly scavenged hydrox-
yl radicals, strongly suggesting its possible contribution
towards its radioprotective action (Fig. 3a). However,
prilocaine exerted mild superoxide anion scavenging
potential, another free radical generated by ionizing
radiation. Free radical scavengers and antioxidants are
well known to exert radioprotection when given prior
to irradiation. However, in case of post irradiation sce-
narios mechanism like DNA repair, anti-inflammation,
hematopoietic stem cell proliferation, etc. are critical
for recovery of the exposed organism. The pioneering
work by Lorenz et al (1951) has clearly established that
transplantation or shielding of blood forming tissues
was sufficient for achieving protection against lethal
doses of ionizing radiation [21]. Now it has been well
established that transplantation of the rare HSCs is
sufficient for survival against radiation. Stem cells are
characterized by their ability to self renew and differ-
entiate into progressively restricted cells with specific
cell fate. It is well understood that agents, which can
expand HSCs have tremendous applications in the
management of a number of life-threatening diseases,
including radiation over exposure scenarios [21, 22].
In view of the promising therapeutic advantages HSC
holds, efforts are on to identify agents which can
expand HSPCs both in vivo and ex vivo [20, 23]. A
number of agents of both synthetic and natural origin
have been found to expand HSC ex vivo and in vivo,
and some of the important ones include prostaglandin
E2 [24], stem regininl [25], garcinol [26]. In view of
this, it was considered interesting to study the ability of
prilocaine to expand hematopoietic cell compartment.
PHZ has been well established to induce reversible
hemolytic anemia in a variety of species [27]. Free
radical generation, oxidative stress and apoptosis in
erythrocytes are some of the events in the hemolytic
anemia cascade [27]. In case of hemolytic anemia, loss
of mature erythrocytes leads to feedback signaling,
which leads to increased formation of erythrocytes [28].
PHZ induced hemolytic anemia is a valuable approach
for assessing the HSPCs expanding potential of dif-
ferent agents [28, 29]. PHZ induced hemolytic anemia
is reversible in nature and the anemic state persists as
long as the chemical is in the medium. Removal of
PHZ leads to a recovery phase and normal levels of
erythrocytes are achieved by a period of 72 hours in
zebrafish embryos [29]. Preliminary studies carried in
our laboratory suggested 96 hpf as the earliest time
point where the differences between the normal and
drug induced recovery could reliably be differentiated
on the basis of o-dianisidine staining (20). Hence, 96
hpf was chosen as the time point for drug induced
recovery studies and prilocaine, at a concentration of
20 pM, significantly accelerated erythropoiesis (Fig. 4)
suggesting its ability to modulate HSC compartment.
Overall, the results suggest that prilocaine has antiox-
idant and HSC expanding potential which might be
contributing towards its radioprotective action. Since,
in the present study prilocaine was added prior to
irradiation, the radioprotective manifestation could be
majorly attributed towards its free-radical scavenging

and antioxidant action with HSC expanding potential
as a contributory mechanism responsible for post irra-
diation recovery. Further, mitigative studies with prilo-
caine are warranted to assess the contribution of HSC
expanding potential towards its radioprotective action.
The present study suggests radioprotective action of an
approved local anesthetic drug.

Recently lidocaine, another local anesthetic drug,
has been reported to render protection against radia-
tion-induced damage to salivary glands [30]. As prilo-
caine is structurally closer to lidocaine it is interesting
to evaluate its protective action towards radiation-in-
duced salivary dysfunction. However, validation of
HSC expansion and radioprotective potential in mu-
rine and higher mammals, including non-human pri-
mates holds key for translating prilocaine for possible
utility in the management of radiation over exposed
victims.
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