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Abstract

The Johns Hopkins Clinical Compound Library ( JHCCL), a collection of Food and Drug Administration
(FDA)-approved small molecules (1400), was screened in silico for identification of novel b2AR blockers and
tested for hematopoietic stem cell (HSC) expansion and radioprotection in zebrafish embryos. Docking studies,
followed by the capacity to hasten erythropoiesis, identified todralazine (Binding energy, - 8.4 kcal/mol) as a
potential HSC-modulating agent. Todralazine (5 lM) significantly increased erythropoiesis in caudal hemato-
poietic tissue (CHT) in wild-type and anemic zebrafish embryos (2.33- and 1.44-folds, respectively) when
compared with untreated and anemic control groups. Todralazine (5 lM) treatment also led to an increased
number of erythroid progenitors, as revealed from the increased expression of erythroid progenitor-specific
genes in the CHT region. Consistent with these effects, zebrafish embryos, Tg(cmyb:gfp), treated with 5 lM
todralazine from 24 to 36 hours post fertilization (hpf) showed increased (approximately two-folds) number of
HSCs at the aorta-gonad-mesonephros region (AGM). Similarly, expression of HSC marker genes, runx1 (3.3-
folds), and cMyb (1.41-folds) also increased in case of todralazine-treated embryos, further supporting its HSC
expansion potential. Metoprolol, a known beta blocker, also induced HSC expansion (1.36- and 1.48-fold
increase in runx1 and cMyb, respectively). Todralazine (5 lM) when added 30 min before 20 Gy gamma
radiation, protected zebrafish from radiation-induced organ toxicity, apoptosis, and improved survival (80%
survival advantage over 6 days). The 2-deoxyribose degradation test further suggested hydroxyl (OH) radical
scavenging potential of todralazine, and the same is recapitulated in vivo. These results suggest that todralazine
is a potential HSC expanding agent, which might be acting along with important functions, such as antioxidant
and free radical scavenging, in manifesting radioprotection.

Introduction

Low linear energy transfer radiations like gamma
and X-rays inflict damage to cells, in a dose-dependent

manner, through generation of free radicals and oxidative
stress. Radiation can induce acute effects displaying as le-
thality and long-term effects showing as induction or en-
hanced sensitivity to a variety of chronic diseases.1–3 At the
molecular level, ionizing radiation induces damage to DNA,
protein, and lipids leading to downstream stress-related re-
sponses, such as cell cycle arrest and apoptosis.4 Because of
pertinent health concerns in case of a potential radiation ex-
posure scenario, such as terrorist attacks and reactor accidents
along with the ever-expanding medical application of radio-

nuclides, the development of clinically acceptable radiation
countermeasure agents holds strategic importance.2 Several
synthetic and natural compounds by themselves, or in com-
bination, exert protection against lethal doses of ionizing ra-
diation to a variety of models.5 Among others, the different
mechanisms attributed for radioprotection include free radical
scavenging, antioxidant, and metabolic modification.6 How-
ever, a clinically acceptable agent for protection against lethal
doses of ionizing radiation is still eluding. Bone marrow
transplantation has been the part of the first line of defense for
management of radiation overexposed victims. The pioneer-
ing work by Lorenz et al. has proved that transplantation
or shielding of blood-forming tissues was enough for achiev-
ing protection against lethal doses of ionizing radiation.7
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Furthermore, transplantation of hematopoietic stem cells
(HSCs) is sufficient for survival against radiation-induced
lethality. Stem cells are characterized by their capacity to self-
renew and differentiate into progressively restricted cells with
specific cell fate. It is well understood that agents that expand
HSCs have potential applications to manage life-threatening
diseases, including radiation overexposed victims.8,9 In view
of the promising therapeutic advantages that hematopoietic
stem cells (HSCs) hold, efforts are on to identify agents that
expand hematopoietic stem and progenitor cells (HSPCs) both
in vivo and ex vivo.9

Molecules of both synthetic and natural origin are known
to expand HSCs ex vivo and in vivo and the important ones
include prostaglandin E2,10 stem reginin1,11 and garcinol.12

Previously, chemically diverse small molecules have been
reported to exert HSC expansion and among them b2AR
antagonist was one of the promising categories.13 The search
for identifying better drug targets and agents for HSC ex-
pansion using the small-molecule library, combinatorial
chemicals, and collection of lead-like molecules is under ac-
tive investigation.9,10,12,13 However, a novel molecule iden-
tified from the screen needs to undergo the compulsory
clinical trials before human applications. Because of the high
attrition in a phase I clinical trial, routine drug discovery
programs suffer money and time loss.14 In view of this, drug
repurposing or repositioning is a promising approach with
high translatability.14 Important success stories, including
novel applications for thalidomide, fluoxetine, etc., have
renewed interest in identifying leads for other important
human diseases.14 Screening of the small-molecule clinical
compound library for identification of novel molecules with
radioprotective action has promising translatability.14,15

Target-based screening of large collections of compounds,
using cell lines (in vitro) as a model system, yielded mole-
cules with potential therapeutic implications. However, cell
lines do not mimic the physiological context and, impor-
tantly, in the neuroendocrine context, which significantly
dictates success in preclinical and clinical stages. Mice are a
valuable model system for understanding the pathophysi-
ology of human diseases. However, the size, labor, and
time needed make it cost prohibitive for conducting small-
molecule screens. Therefore, there is a compelling need for
identifying novel animal models, which satisfy the in vivo
context and high- or medium-throughput screening. Over the
past three decades, the zebrafish has made a significant impact
in biomedical research and it has been used to study issues of
biomedical significance.16,17 High fecundity, lesser husbandry
cost with advantages like rapid development, availability of
genetic resources, ease of the development of transgenic lines,
and amenability for medium-throughput screening has made
this tropical tiny teleost a valuable model organism.18–20

Comparison of zebrafish and human reference genome in-
dicates that 70% of human genes have at least one zebrafish
orthologue.21 Developing and adult zebrafish have also been
used for screening and identification of radioprotectors.22–24

In view of the importance that HSCs hold in the manage-
ment of radiation overexposed victims, the present study
aims at screening the Johns Hopkins Clinical Compound
Library ( JHCCL)25 for identification of novel b2AR an-
tagonists with HSC expanding agents. Furthermore, the
novel hits were tested for radioprotection using the devel-
oping zebrafish embryo as a model organism.

Materials and Methods

Virtual screening and docking studies

JHCCL (ver1.2) was obtained from Johns Hopkins Uni-
versity, USA, and flexible docking studies of data sets were
carried out using AutodockVina software. Otherwise men-
tioned, publicly available sources and databases were used
for obtaining and processing of data. Three-dimensional
structures of all the compounds were downloaded as SDF
files and structures were refined with Open Babel 2.2.3 before
docking studies.26 The three-dimensional (3D) structure of
b2AR was obtained from the Brookhaven Protein Data Bank
(PDB).

Preparation of beta adrenergic receptor for docking

For docking, the 3D crystal structure of the b2AR receptor
(PDB ID: 2RH1), resolved at 2.4 angstrom, was selected as a
template and predocking approaches were exercised on the
protein to increase the accuracy of the docking procedure. All
the ligands, including the ones bound to the active site of
b2AR, were removed from the crystal structure to facilitate
the docking studies with molecules under investigation. The
final steps of protein refinement, such as the addition of hy-
drogen atoms, computing charges, and merging nonpolar
hydrogen atoms, were performed as mentioned.27

Ligand preparation

The ligand data sets used were JHCCL and 23 known
antagonists. Further processing and minimization were car-
ried out with the help of Open Babel 2.2.3.

Parameter optimization for docking

AutoDockVina, the program used for docking, has been
chosen over AutoDock 4 for its better accuracy and magni-
tude of processing speed.28 AutoDockVina achieves around
two orders of magnitude of processing speed compared with
the AutoDock 4 software. This is vital when performing the
screening of a large data set, and second, due to the superior
binding model predicting ability in comparison with Auto-
Dock 4. Apart from the speed and accuracy, it also works on
parallelism by using multithreading on multicore machines.29

The accuracy assessment and performance optimization were
carried out before virtual screening of JHCCL. Crystal
structure of the native ligand (carazolol) was isolated, mini-
mized, and redocked in the binding pocket of b2AR. Com-
parisons were made between the conformations of the docked
and crystal-bound ligand. Thereafter, efforts were made to
find the best grid structure and coordinates. It was found
that center_x = 31.724, center_y = - 22.006, and center_z =
- 17.132 with the grid sizes of size_x = 30, size_y = 30, and
size_z = 30 A�, respectively, were the best coordinates that
covered the entire binding pocket of the target protein. Two
aspects that strongly influenced the accuracy and perfor-
mance of the docking performed by AutodockVina are
num_modes, which represents the number of models to be
evaluated, and exhaustiveness that increases the time for
probabilistic search. To maximize the accuracy and perfor-
mance, three different combinations of parameters were tried
(10, 20, and 50 num_modes and 10, 20, and 50 exhaustive-
ness). Subsequently, 50 num_mode and 10 exhaustiveness
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were opted as the final parameter because this combina-
tion elucidated the maximum accuracy with high speed. The
ligand–protein complexes were minimized with 200 steps of
steepest descent force field using Chimera and Discovery
Studio.

Zebrafish husbandry and embryo collection

Wild-type (AB) and Tg(cmyb:gfp) zebrafish are kept at
INMAS zebrafish facility on a 14-h light/10-h dark cycle at
28.5�C and all the experiments were carried out in accor-
dance with the animal ethics guidelines of INMAS, Delhi,
India (8GO/a/99/CPCSEA). Embryos from paired mating
were collected, staged, and maintained in the embryo me-
dium (E3 medium) at 28.5�C.30 For visualization of internal
structures, embryos were incubated with 0.003% 1-phenyl-2-
thiourea (Sigma-Aldrich) to inhibit pigment formation.

Assessment of heart rate

Quantitative analysis of heart rate was performed follow-
ing the stopwatch method.31 Briefly, todralazine (5 lM) or
metoprolol (5 lM) was added to the medium containing
embryos at 24 hour postfertilization (hpf). At 48 and 72 hpf,
embryos were anesthetized using 0.04 mg/mL tricaine and
the heart beat was counted for 1 min under the microscope
(Dewinter) and results were expressed as average value of
beats/min of three individual experiments; 0.04 mg/mL tri-
caine, used for inducing anesthesia, did not have any effect on
the heart rate from 24 to 144 hpf staged embryos.

Chemically induced hemolytic anemia
and quantification of erythrocytes

Hemolytic anemia was induced by incubating the de-
chorionated and staged embryos (33 hpf) in the E3 medium
containing 0.5 lg/mL of phenylhydrazine (PHZ) until 48 hpf,
followed by thorough washing in the E3 medium. At 54 hpf,
embryos were arrayed (n = 10 per treatment group) in a 48-
well plate and small molecules were added at a concentration
of 10 lM and incubation was further continued till 96 hpf. o-
Dianisidine (ODA) staining was used for quantifying the
erythrocytes in caudal hematopoietic tissue (CHT).32 Briefly,
at 96 hpf the embryos were washed and incubated in ODA
staining buffer containing 0.6 mg/mL of o-dianisidine hy-
drochloride (Sigma Aldrich) in 10 mM sodium acetate (pH
5.2) and 4% ethanol. The activation of staining solution was
achieved by adding hydrogen peroxide (20 lL/mL; 30%
stake) and kept at room temperature in the dark for 15 min,
followed by extensive washing in phosphate-buffered saline
(PBS) and fixing in 4% paraformaldehyde. Embryos posi-
tioned laterally were imaged (200 · ) using the brightfield
microscope (Dewinter). For quantification, grayscale images
were converted to binary images, and integral density of er-
ythron pixels was calculated using Image J software (http://
imagej.nih.gov/ij/, NIH).

Chemically induced hemolytic anemia
in Tg(gata1a: dsRed) embryos

For visual assessment of chemically induced hemolytic
anemia and its modulation by todralazine, Tg(gata1a: dsRed)
embryos were treated as mentioned above, and imaging
of CHT was done at 96 and 120 hpf (Zeiss Axioscope 40

fluorescent microscope; Carl Zeiss). Videos (Axiocam HR3;
at least 15 s) of circulating erythrocytes within the caudal
artery were recorded at 96 and 120 hpf.

Small-molecule treatment for identification
of HSC expansion

Todralazine, identified from the preliminary screening was
further tested for the HSC expanding potential. Wild-type
age-matched embryos (24 hpf) were distributed in a 12-well
plate and todralazine (5 lM) or metoprolol (5 lM) was added
and incubated at 28.5�C until 36 hpf. Thereafter, the embryos
were stored in RNAlater for RNA isolation. The expression
of HSC markers (cMyb and runx1) was quantified using real-
time polymerase chain reaction (qPCR).

RNA isolation, cDNA synthesis, and qPCR

Embryos stored in RNAlater (Qiagen) were cleaned, ho-
mogenized, and processed using an RNeasyPlus Micro kit
(Qiagen) following the manufacturer’s recommendations.
Before RNA elution, each sample was digested with DNase
to remove genomic DNA contamination using an RNAse-
free DNAse set following the manufacturer’s recommenda-
tions (Qiagen). RNA quality was checked in 2% formaldehyde
agarose gel and RNA quantity and purity were determined
by the Nano spectrophotometer (Implen). Two hundred fifty
nanograms of total RNA was reverse transcribed using a
Verso cDNA kit (Thermo Scientific) using oligodT primers.
Relative levels of runx1 or cMyb were quantified using qPCR.
Primer pairs designed to cross intron–exon boundaries33 were
used and the expression levels were normalized to a reference
gene (beta actin). Target and reference genes were amplified
in separate wells in a 96-well plate using Quantifast SYBR
green master mix (Qiagen) and using the Biorad FX98 ma-
chine (Biorad). qPCR conditions were at 94�C for 10 min,
followed by 40 cycles at 95�C for 10 s, and at 60�C for 30 s.
Relative fold change in gene expression was calculated by the
2 - DDC

T method.34 In evaluating the nature of cells in the
CHT region, wild-type zebrafish embryos, untreated or treated
with todralazine (5 lM) from 54 to 96 hpf, were anesthetized
at 96 hpf. The tail (all tissue posterior to the opening of cloaca)
was surgically separated and RNA was isolated and processed
as mentioned above. The relative levels of erythroid-specific
genes (be1 and ae1) were quantified using quantitative real
time polymerase chain reaction .35

Imaging of HSCs

For imaging of HSCs, todralazine (5 lM) or metoprolol
(5 lM) was added to 24 hpf staged Tg(cMyb:gfp) embryos
and incubation was continued till 36 hpf. After that, the em-
bryos were anesthetized and HSCs were imaged (200 ·
magnification) at the aorta-gonad-mesonephros (AGM) re-
gion using a fluorescence microscope (Ex 488 nm, Em
530 nm; Olympus). The number of HSCs residing in the
AGM region was manually counted.

Radiation exposure and small-molecule treatment

Wild-type age-matched zebrafish embryos (24 hpf) were
arrayed in a six-well plate and todralazine (5 lM) or meto-
prolol (5 lM) was added and after 30 min, embryos were ex-
posed to 20 Gy gamma radiation using 60Co source (Gamma
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cell 5000, dose rate 1.02 kGy/h; AERB). Post irradiation,
embryos were dechorionated and maintained at 28.5�C till
144 hpf and changes in gross morphology and survival were
monitored every 24 h for 6 days. Photomicrography of em-
bryos was done using an Olympus stereo zoom microscope
(SZX16; Olympus) at 100· magnification. Further experi-
ments with different concentrations of todralazine were done
for identifying the optimal protective dose.

Quantification of pericardial edema and micropthalmia

Embryos positioned laterally were surveyed for eye size
and the presence of pericardial edema (PE) and imaged using
an Olympus microscope (SZX16; Olympus) at 100· mag-
nification. Morphometric analysis of images was performed
using Image J software and the area of eye and PE were
measured in pixels and used for further analysis.

Quantification of reactive oxygen species in vivo

Reactive oxygen species (ROS) levels in vivo were de-
tected in zebrafish embryos pretreated ( - 30 min) with to-
dralazine (5 lM) and exposed to 20 Gy gamma radiation.
Three hours post irradiation, the embryos were incubated
with 5 lM dicholorofluorescein diacetate (DCFDA) for
20 min at 28.5�C in the dark,36 followed by thorough washing
in the E3 medium. Images were captured at 200 · (under
488 nm excitation Leica, DMR) and the levels of ROS were
quantified as fluorescent intensity (integral density) using
Image J software.

Hydroxyl radical scavenging assay

Increasing concentrations of todralazine were added to
PBS containing 2.8 mm of 2-deoxyribose (2-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
measured by following the thiobarbituric acid (TBA) meth-
od.37 To the mixture, 1 mL of TBA (1%, w/v in 0.05 M
NaOH) and 1 mL of 2.8% trichloroacetic acid (TCA) were
added and heated in a boiling water bath for 15 min. There-
after, the samples were cooled and the absorbance of the
chromogen was measured at 532 nm using a microplate
reader (Spectramax M2e; Molecular Devices). Results were
shown as % inhibition and mannitol was used as a standard
free radical scavenger.

In vivo detection of apoptosis

For quantification of apoptosis, todralazine (5 lM) was
added to 24 hpf staged embryos and after 30 min exposed to
gamma radiation (20 Gy). At 48 hpf, 2 lg/mL of acridine
orange was added to the medium containing embryos and in-
cubated in the dark for 30 min, which was followed by thor-
ough washings in the E3 medium.36 Notochord regions of the
embryos were examined under 488 nm excitation and images
were captured at 200 · magnification (Leica, DMR). Fluor-
escence intensity (integral density) in three random areas of
notochord per embryo was quantified using Image J software.

SubG1 population analysis

Embryos pretreated ( - 30 min) with todralazine (5 lM)
and exposed to 20 Gy gamma radiation were processed for

quantification of apoptosis. Twenty-four hours after irradiation,
embryos were dechorionated, washed, and disaggregated
on ice in cold 0.9· PBS + 5% fetal bovine serum. The cell
suspension was passed through a 40 lm filter to remove
clumps and washed in the same buffer by centrifuging at
1000 rpm for 15 min at 4�C. The cell pellet was then gently
suspended in 1 mL of propidium iodide solution (final con-
centration of 10 lg/mL). RNase was added to a final con-
centration of 2 lg/mL, incubated at room temperature for
30 min in the dark, and samples were analyzed using a flow
cytometer (LSRII; Becton Dickinson). The cell cycle distri-
bution and quantification of the subG1 population was
done using flowing software (The Flowing Software, www
.flowingsoftware.com, version 2.5.1, University of Turku,
Finland).

Statistical analysis

Data are presented as mean – SD of a minimum of three
independent experiments and statistical significance was
assessed by student’s t-test, and a p-value < 0.05 was con-
sidered significant.

Results

The binding site of b2AR and docking of JHCCL

The root mean square value calculated for assessing the
accuracy and performance of the docking procedure was
found to be 0.24 angstrom, suggesting the suitability for
screening large data sets with both accuracy and speed. The
conformation of the docked and crystal-bound ligand, car-
azolol, displayed a conserved binding pattern (Fig. 1a). The
polar (Ser203, Asp113, Asn312) and hydrophobic interac-
tions (Phe193, Trp109, Val114) were found to be the key
intermolecular interactions in the binding pocket (Fig. 1a).
Among them, Ser203, Val114, Asp113, and Asn132 are es-
sential for antagonistic action. Docking of small molecules
from JHCCL identified several small molecules with binding
energy (BE) falling within the range reported for known
antagonists (7.2 to 10.4 kcal/mol; Fig. 1b), and further visual
inspection of properties related to similarity lead to the
identification of 30 molecules (Table 1). The majority of the
molecules showed classical carazolol-bound conformation
(type 1) with key residues, Asp113 and Asn312, involved in
the formation of hydrogen bonds (Fig. 1a, c). However, some
of them have shown a binding conformation deviant (type 2)
from the carazolol-binding mode (Fig. 1d). In this deviant
mode, the stabilization of the ligands is achieved by hydrogen
bonding with Ser203 and Tyr308 residues, while the latter
interaction was found to be absent in the case of classical
carazolol-binding conformation and uniquely contributes to
the stability of the ligand in the deviant orientation. Val114
and Asn293, responsible for hydrophobic interactions, were
also observed in the case of the type 2 binding (Fig. 1d).

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

Zebrafish embryos exposed to 0.5 lg/mL of PHZ from 33
to 48 hpf showed complete loss of circulating erythrocytes
and anemia by 72 hpf. Removal of PHZ led to recovery of
erythropoiesis by 120 hpf (data not presented). At 96 hpf,

36 DIMRI ET AL.



PHZ-treated embryos showed lesser mature erythrocytes in
the CHT (0.34-folds in comparison with an untreated control
group; Fig. 2a, b). Initial screening of 30 small molecules, at a
concentration of 10 lM identified several molecules (66%;
20/30) accelerating the erythropoiesis and recovery from
anemia (Table 1). Preliminary qualitative analysis of small
molecules, which accelerated erythropoiesis, identified to-
dralazine as the most efficient. Furthermore, dose optimiza-
tion studies identified 5 lM as the optimal concentration for
todralazine. Treatment of wild-type zebrafish embryos with
5 lM todralazine lead to an increase (2.3-folds) in the number
of mature erythrocytes at CHT (Fig. 2a, b). Todralazine, at a
concentration of 5 lM, increased erythropoiesis in the CHT
region (1.44-folds) in comparison with the anemic control
(0.34-folds). Phenyl thiourea (0.003%) used to block the
pigmentation in developing embryos did not affect the de-
finitive hematopoiesis (Fig. 2a, left panel).

Effect of todralazine on chemically induced
hemolytic anemia and erythropoiesis
in Tg(gata1a: dsRed) zebrafish embryos

As observed, in the case of wild-type zebrafish embryos,
Tg(gata1a: dsRed) zebrafish embryos also essentially reca-
pitulated a similar response to PHZ-induced hemolytic ane-
mia (Fig. 3i–vii). Untreated embryos have shown normal
circulation of erythrocytes throughout the body, including
caudal artery, intersegmental vessels, and CHT (shown by
arrows), where imaging was done (Fig. 3i; Supplementary
Video S1; Supplementary Data are available online at
www.liebertpub.com/zeb). The CHT also showed several
brightly strained erythroid progenitors (indicated by arrow-
heads; Fig. 3i). PHZ treatment led to induction of anemia by
72 hpf. Recovery was observed at both 96 and 120 hpf, as
evident from the appearance of the erythrocytes and erythroid

FIG. 1. (a) Space-filled side view of the b2AR with bound carazolol. The proximal portion of the receptor has been
removed for better viewing. The amino acid residues within 3 angstrom are shown as circles, and the dashed arrow
represents hydrogen bonding between carazolol (gray) and amino acid residues (In view). (b) BE distribution for small
molecules from the JHCCL. The region within the dashed lines indicates the BE range considered for further screening. The
x-axis represents the number of compounds in the JHCCL. (c) (i) The binding pattern of 30 small molecules superimposed
on the crystal-bound ligand (carazolol). The amino acid residues (Asp113, Ser203, Ser204, and Asn312), which are key for
the binding are shown by arrows. (ii) The polar surface of the crystal-bound ligand and major contact in comparison with
docked ligands. Hydrogen bonding is represented as dashed lines. (d) Two-dimensional view of crystal-bound todralazine
(gray) showing intermolecular interactions. The amino acid residues within 3 angstrom are shown as filled circles and the
hydrogen bonding between amino acid residues (Ser203 and Tyr308) and ligands are shown as dashed arrows. BE, binding
energy; JHCCL, Johns Hopkins Clinical Compound Library.
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progenitors at the CHT region (Fig. 3iv, v; Supplementary
Video S2). At 96 hpf, there was no blood flow in the caudal
artery and intersegmental vessels; however, at 120 hpf the
PHZ-treated embryos showed recovery in terms of blood
flow in the caudal artery and intersegmental vessels (indi-
cated by arrows; Fig. 3iv, v). Todralazine treatment alone
induced significant erythropoiesis at both 96 and 120 hpf as
evident from intense fluorescence and number of erythroid
progenitors (arrow head in Fig. 3ii, iii; Supplementary Video
S3) in the CHT region. Embryos exposed to PHZ, followed
by the treatment with todralazine, led to accelerated recovery
from anemia at both 96 and 120 hpf as evident from the
fluorescence circulating erythrocytes, brightly fluorescing
progenitors in the caudal, intersegmental vessels, and the
CHT region (Fig. 3vi, vii; Supplementary Video S4).

Effect of todralazine on erythroid progenitors
in the CHT region: qPCR

RNA isolated from tails of untreated embryos (96 hpf) has
demonstrated the presence of erythroid progenitors (ae1 and
be1). However, tails from the embryos exposed to todralazine

(5 lM) from 52 to 96 hpf showed increased levels of both ae1
and be1 RNA (1.34- and 1.21-folds, respectively) (Fig. 3b).

HSC expansion by todralazine:
fluorescence microscopy

At 36 hpf, untreated Tg(cmyb:gfp) embryos at the AGM
region showed resident HSCs (indicate by arrowheads; Fig.
4a, b). Todralazine, both at 5 or 10 lM, increased the number
of resident HSCs (*2.1- and *1.8-folds, respectively) at the
AGM region in comparison with the untreated control.
Among the tested concentrations, 5 lM was found to be op-
timal for HSC expansion (Fig. 4a, b). Metoprolol also in-
creased the number of HSCs at the AGM region and both
5 lM and 10 lM (*1.6- and*1.75-folds, respectively) were
found to be equally effective (Fig. 4a, b).

HSC expansion by todralazine: qPCR

Quantification of HSC marker genes (runx1 and cMyb)
through qPCR following the Livak and Schmittgen 2 -DDC

T

method, showed that treatment of embryos with 5lM todralazine

Table 1. List of 30 Molecules, Which Have Been Tested for Effect

on Recovery From Chemically Induced Hemolytic Anemia

Name of the Compound
Known pharmacological

action
Binding energy

(kcal/mol) Phenotype

Norclozapine Antipsychotic - 11 NS
Moricizine Antiarrhythmic - 10.8 Positive
Mesoridazine Antipsychotic - 10.5 Positive
Danthron Laxative - 10.4 Positive
Chlorprothixene Antipsychotic - 10.2 Positive
Rebamipide Gastroprotective - 10.1 NS
Flavin mononucleotide Co factor - 10 Positive
Thiethylperazine Antiemetic., Antiemetic - 10 NS
Propantheline Antispasmodic - 9.9 NS
Prochlorperazine Antiemetic - 9.8 NS
4-(3,4-D)nM-1,2,3,4-T-1-amine Corticotrophin-releasing factor

receptor antagonist
- 9.7 Positive

Fluphenazine Antipsychotic - 9.7 Positive
Menadiol sodium phosphate

hexahydrate
Vitamin (prothrombogenic).,

Vitamin
- 9.6 Positive

Imipramine Antidepressant - 9.6 Positive
Pantethine Antihyperlipidemic - 9.5 Positive
Acepromazine Sedative - 9.5 Positive
Methantheline Antispasmodic - 9.4 Positive
Desipramine Antidepressant - 9.3 Positive
Triflupromazine Antipsychotic - 9.3 NS
Clomipramine Antidepressant - 9.3 NS
Thioridazine Antipsychotic - 9.2 NS
Promethazine Antihistaminic - 9.1 Positive
Triamterene Antihypertensive - 9.1 Positive
Aminacrine Antiseptic - 9.1 NS
Proflavine Antiseptic - 9.1 Positive
Menadiol diacetate Prothrombogenic vitamin - 9 Positive
Cephalosporin C zinc salt Antibiotic - 8.4 NS
Todralazine hydrochloride Antihypertensive - 8.4 Positive
Maprotiline Antidepressant - 8.4 Positive
Harmaline Vasorelaxant - 8.4 Positive

o-Dianisidine staining at the caudal hematopoietic tissue region was qualitatively compared between PHZ and PHZ + small-molecule-
treated embryos. Positive: when the staining intensity is apparently more intense than the PHZ-treated group; NS: when staining is no
different from the PHZ-treated group. Binding energy of different small molecules has been represented as (kcal/mol).

PHZ, phenylhydrazine.
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FIG. 2. Effect of todrala-
zine on recovery from chem-
ically induced hemolytic
anemia in wild-type zebra-
fish embryos. (a) Left panel:
representative images of o-
dianisidine-stained embryos
pretreated with 0.003% of
phenyl thiourea; Right panel:
representative images of dif-
ferent treatment groups are
shown in the right panel. (b)
PHZ and control embryos
were treated with todralazine
(5lM) and monitored for for-
mation of mature erythrocytes
in caudal hematopoietic tissue
(CHT) at 96 hpf by staining
with o-dianisidine. Asterisk (*)
indicates p-value < 0.05, when
compared with control. hpf,
hour postfertilization; PHZ,
phenylhydrazine.

FIG. 3. Effect of todralazine on recovery from chemically induced hemolytic anemia in Tg(gata1a: dsRed) zebrafish
embryos. (a) Representative images of recovering embryos from PHZ-alone-treated embryos (iv, v at 96 and 120 hpf,
respectively) or PHZ + todralazine treatments (vi, vii at 96 and 120 hpf, respectively). (i) Control embryos at 96 hpf and (ii,
iii) are todralazine-alone-treated embryos at 96 and 120 hpf, respectively. Solid and dashed arrows points to intersegmental
vessel (Se) and caudal artery, respectively. Arrowhead points to the brightly fluorescing erythroid progenitor population
within the CHT region. (b) Quantitative real-time PCR analysis of expression of erythroid progenitor markers (ae1 and be1)
in wild-type zebrafish embryos. (c) A schematic representation of the experimental protocol of the gene expression analysis
in the surgically separated tails of untreated or todralazine-treated wild-type zebrafish embryos. Asterisk (*) indicates
p-value < 0.05, when compared with control. CHT, caudal hematopoietic tissue; PCR, polymerase chain reaction.
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from 24 to 36 hpf led to increased expression of runx1 (3.3-folds)
and cMyb (1.4-folds) in comparison with an untreated control
group (Fig. 4c). Similarly, metoprolol (5 lM) also increased
the expression of both runx1 (1.38-folds) and cmyb (1.46-
folds) in comparison with untreated controls (Fig. 4c).

Effect of todralazine on heart rate
in wild-type zebrafish embryos

To understand the functional consequence of the b2

blockade, the effect on heart rate was assessed. Metoprolol,
a known beta blocker, slowed the heart rate in a dose-
dependent manner, assessed after 24 and 48 h of treatment.
Maximal reduction (27%) was noted after 24 h at the highest
concentration tried in this field (100 lM; Fig. 5). By 48 h,
metoprolol-treated embryos displayed recovery, and at 100lM
concentration the heart rate was found to be 12%. Todralazine,
though to a lesser extent in comparison with metoprolol, also
slowed the heart rate in a dose-dependent manner and maxi-
mally (12%) at 100 lM. The lower concentrations (5, 10, and
20 lM)-induced reduction in heart rate was recovered by 48 h of
todralazine treatment. However, higher concentration-mediated
(50, 100lM) reduction was found to be persistent even after
48 h of treatment. At 100 lM, after 48 h, the heart rate in
todralazine-treated embryos was 12% (Fig. 5).

Modulation of radiation-induced damage
and lethality by todralazine

Untreated wild-type embryos displayed a continuous
increase in the eye size (100% embryos exhibited this

phenotype) till 3 day post fertilization (dpf) with no further
significant increase for the rest of the experimental duration
(Fig. 6a, b). The eye size reduction and PE, end points used to
evaluate the radioprotection efficacy of the molecules, are
associated with poor development of the embryos and they
represent a general response to toxicants. Exposure to 20 Gy

FIG. 4. (a) Representative images of HSCs (pointed by arrowhead) at the AGM region in todralazine (5 or 10 lM) or
metoprolol (5 or 10 lM)-treated Tg(cmyb:GFP) zebrafish embryos. (b) Histogram of number of HSCs at the AGM region in
treated and untreated embryos. (c) Quantitative real-time PCR analysis of expression of HSC marker genes in zebrafish
embryos. Asterisk (*) indicates p-value < 0.05, when compared with control. AGM, aorta-gonad-mesonephros; HSCs,
hematopoietic stem cells.

FIG. 5. Effect of varied concentrations of todralazine or
metoprolol on heart rate at 24 and 48 h post-treatment in
wild-type zebrafish embryos. Asterisk (*) indicates p-
value < 0.05, when compared with control. NS, not significant,
when comparison was made between control and treated
groups.
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led to a significant slowing down of eye development and eye
size ( > 85% embryos) in comparison with untreated controls
(Fig. 6a, b). The decline in eye size was evident till the em-
bryos were dead. Todralazine (5 lM), added 30 min before
irradiation, protected embryos from radiation-induced de-
cline in eye size and the protective effect ( > 80% embryos)
was pronounced from 3 dpf till the end of the experiment.
Similarly, metoprolol (5 lM), when added 30 min before ir-
radiation, showed a significant protection ( > 85% embryos)
trend similar to that of todralazine (Fig. 6a, b). The 20 Gy
gamma radiation exposure significantly increased the area of
PE ( > 85% embryos) in comparison with untreated control
groups and a continuous increase was observed till the em-
bryos were dead (Figs. 6b and 7a). There was a steep increase
in the edema size on day 4 after irradiation. Todralazine,
added before irradiation, persistently reduced the radiation-
induced PE till the end of the experiment ( > 85% embryos).
Metoprolol, at a concentration of 5 lM, manifested a pro-
tection trend similar to that of todralazine during the course
of the experiment ( > 85% embryos; Figs. 6b and 7a). Un-
treated wild-type embryos showed normal development
without gross deformities. However, exposure to 20 Gy
gamma radiation induced severe gross deformities, including
reduction in eye size, PE, microcephaly, cup-shaped spine,
yellow pigmentation, and stunted growth ( > 90% embryos).
These deformities were found to increase in severity with
time. In the present study, all the embryos were found to be
dead by the sixth postirradiation day (Fig. 7b). Todralazine
(5 lM) or metoprolol (5 lM) when added 30 min before ir-
radiation protected embryos from lethality and rendered
> 80% survival advantage (Fig. 7b). Apart from the survival
advantages, the embryos showed reduced deformities
( > 85% embryos) (Fig. 6b).

Hydroxyl radical scavenging by todralazine

Exposure of 2-DR solution to a 200 Gy gamma radiation
resulted in deoxyribose degradation and formation of TBA-
reactive substances, which in the presence of TCA interacted
with TBA and formed pink chromogen. Todralazine, in a
dose-dependent manner, inhibited hydroxyl radical-mediated
2-DR degradation and chromogen formation (Fig. 8a). In this
study, 21% inhibition was observed at the lowest concen-
tration tried (5 lM) and the protective effect was found to be
dose dependent. Maximum inhibition (45%) was observed at
the highest concentration tried in this study (1 mM). Manni-
tol, a standard free radical scavenger, did not show hydroxyl
radical scavenging at lower concentrations (below 0.5 mM)
(Fig. 8a). However, at concentrations higher than 0.5 mM, it
displayed significant, though less than todralazine, hydroxyl
radical scavenging potential.

ROS scavenging in vivo: DCFDA assay

Gamma radiation (20 Gy) significantly increased the gen-
eration of reactive free radicals in zebrafish embryos, as ev-
ident from increased DCF fluorescence (1.85-fold increase
when compared with the untreated control). However, to-
dralazine (5 lM), when added before irradiation effectively
scavenged radiation-generated free radicals as seen from the
decrease in DCF fluorescence (1.56-folds) (Fig. 8b, c).

Todralazine limits radiation-induced apoptosis

A dose of 20 Gy gamma radiation increased the quantum
of cells undergoing apoptosis (acridine orange-positive cells)
in the developing zebrafish embryos (163,915 – 17,450 ar-
bitrary fluorescence units [AFU]) when compared with the

FIG. 6. Effect of todra-
lazine (5 lM) or metoprolol
(5 lM) on radiation-induced
effects on eye size. (a) Em-
bryos were exposed to 20 Gy
gamma radiation in the pres-
ence or absence of 5 lM to-
dralazine treatment and the
eye size was observed till 6th
postirradiation day. (b) Rep-
resentative images of different
treatment groups are shown for
different postirradiation days.
The eye and pericardial ede-
ma evident within different
treatment groups is high-
lighted with the dotted line.
Asterisk (*) indicates p-
value < 0.05, when compared
with radiation alone. NS, not
significant, when compared
with the radiation-alone group.
(**) indicates p-value < 0.05,
when compared with control
group.
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untreated control (94,426 – 29,415 AFU). Embryos treated
with 5 lM todralazine limited radiation-induced apoptotic
induction (101,101 – 26,497 AFU) (Fig. 9a, b). Flow cyto-
metric analysis of the cell suspension prepared from devel-
oping whole embryos after 24 h of sham or gamma radiation
(20 Gy) exposure, exhibited a subG0 population of 1.48%
and 10.6%, respectively. Irradiated embryos pretreated with

todralazine showed decrease in apoptotic population (subG0

population) after 24 h (Fig. 9c).

Discussion

The autonomic nervous system regulates several cellular
and molecular signaling cascades in normal and pathological

FIG. 7. Effect of todra-
lazine (5 lM) or metoprolol
(5 lM) on radiation-induced
pericardial edema. (a) Em-
bryos were exposed to 20 Gy
gamma radiation in the pres-
ence or absence of 5 lM to-
dralazine or metoprolol and
the formation of pericardial
edema was observed till 6th
postirradiation day. (b) Effect
of todralazine on radiation-
induced mortality in zebra-
fish embryos. Twenty-four
hpf embryos were exposed
to 20 Gy gamma radiation
in the presence or absence
of 5 lM todralazine or me-
toprolol and survival (with
beating heart) was moni-
tored till 6th postirradiation
day. Asterisk (*) indicates
p-value < 0.05, when com-
pared with radiation alone.
NS, not significant, when
compared with the radiation-
alone group. (**) indicates p-
value < 0.05, when compared
with control group.

FIG. 8. (a) Radiation-induced
OH radical scavenging poten-
tial of todralazine or mannitol
at varying concentrations; in-
hibition of chromogen was
calculated with respect to
control, which was considered
as zero inhibition. (b) Effect
of todralazine on radiation-
induced reactive oxygen species
measured in the notochord re-
gion of the embryos, by
DCFDA staining, 3 h after ra-
diation exposure. The integral
density in the notochord region
of different treatment groups
was calculated using image
J software. (c) Representative
images showing DCF fluores-
cence in the whole embryos.
Asterisk (*) indicates p-value <
0.05, when compared with ra-
diation alone. DCFDA, dicho-
lorofluerscein diacetate. NS, not
significant, when compared with
radiation alone.
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conditions, including hematopoiesis, cancer, and stress re-
sponse.38 Over the past six decades, a number of b2AR li-
gands have been identified on the basis of ligand analogue. In
fact, G protein-coupled receptors are among the most fre-
quent targets for a number of drugs and several of them target
b2AR.39 Trauma-induced catecholamine surge suppresses
the bone marrow HSPC growth and increases the mobiliza-
tion of HSC to the site of the trauma.40 b2AR receptor an-
tagonists block the trauma-induced mobilization of HSCs,
thereby making the b2AR receptor modulation a potential
strategy for HSC expansion.40,41 The narrow deep cleft
majorly hidden from the solvent makes the catecholamine
(epinephrine)-binding site in b2AR a potential site for mo-
lecular docking.42,43 Infact, this narrow deep cleft has been
exploited for screening of compound libraries for identifi-
cation of novel b2AR ligands.44 In this study, docking of
JHCCL into the carazolol-binding site identified several po-
tential antagonists. The docking program used in the present
study reliably performed the docking, as evident from the
similar conformation and intermolecular interactions of the
docked carazolol to that reported for crystal-bound car-
azolol.44 The screening identified a number of small mole-
cules with potential for being b2AR ligands. As both agonists
and antagonists bind at the same site, reliable identification of
a particular type of ligand on the basis of BE yields false-
positive hits. Therefore, a visual inspection of the primary
hits recognized on the basis of BE was evaluated. The cutoff
BE was estimated from the BE of known antagonists ( - 7.2
to - 10.5 kcal/mol). The key intermolecular interactions
(Ser203, Val114, Asp113, and Asn132), critical for antago-
nistic action, were considered for prioritizing the hits. Re-
cently, we have observed that known antagonists (23) adopt
either of two different conformations in the carazolol-binding
pocket of b2AR. The first one is the classical carazolol

orientation and the second type adopts distinct bridge-type
conformation (under communication). This finding opened
opportunities to screen the molecules based on novel ori-
entation. Therefore, the final set of prioritized molecules is
the result of the combination of BE, antagonist-binding in-
teractions, and the novel binding orientation. These hits
were evaluated for possible HSC expanding potential using
erythropoiesis in anemic zebrafish embryos as a functional test.

PHZ induces reversible hemolytic anemia in a variety of
species, and induction of oxidative stress in erythrocytes is
one of the important events in the PHZ-induced hemolytic
anemia cascade.45 In the bone marrow, HSCs differentiate to
common myeloid and lymphoid progenitors and the former
further give rise to erythroid and granulocyte/monocyte
progenitors, while common lymphoid progenitors develop
immune components.46 In the case of hemolytic anemia and
other stresses, loss of mature erythrocytes induces feedback
signaling leading to increased formation of erythrocytes.47,48

PHZ-induced hemolytic anemia has been a valuable ap-
proach for assessing the HSPC expanding potential of dif-
ferent agents.49 PHZ-induced hemolytic anemia is reversible
in nature and the anemic condition persists as long as the PHZ
is in the medium. Removal of PHZ leads to the recovery
phase and normal levels of erythrocytes are achieved by 5 dpf
in zebrafish embryos.49 Preliminary studies from our labo-
ratory 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 ODA staining.
Hence, 96 hpf was chosen as the time point for drug-
induced recovery studies. Todralazine, an antihypertensive
drug from the hydrazine-opthalazine group, at a concentra-
tion of 5 lM, significantly accelerated erythropoiesis. Among
the 30 small molecules identified through virtual screening,
several molecules showed better BE. However, preliminary

FIG. 9. (a) Effect of todralazine on radiation-induced apoptosis, measured in the notochord region or in whole embryos,
24 h after irradiation, by the acridine orange method. The integral density in the notochord region of different treatment
groups was calculated using image J software. (b) Representative images showing acridine orange fluorescence in the
notochord of the embryos. (c) Effect of todralazine on radiation-induced apoptosis measured in cell suspension prepared
from the whole embryo 24 h after irradiation using flow cytometry and subG1 population was considered as apoptotic cells.
Asterisk (*) indicates p-value < 0.05, when comparison is done between indicated groups.
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qualitative screening for enhancing erythropoiesis lead to
identification of todralazine as the most potent one. Out of the
30 molecules put into screening, a few molecules did not
exert any influence at the concentration (10 lM) used for
screening (Table 1). However, it does not rule out the pos-
sibility of these molecules being potential, as the screening
concentration (10 lM) may not be optimal for these com-
pounds. Further studies with a range of concentrations are
warranted to identify the optimal concentrations for these
compounds. Several studies have clearly suggested that PHZ
induces hemolytic anemia through generation of free radi-
cals, peroxidation of lipids, and apoptosis.45 Antioxidant
treatment is known to ameliorate PHZ-induced hematotoxi-
city. However, in the present study, PHZ treatment was given
from 33 to 48 hpf, followed by repeated changes in E3 to
remove traces of PHZ before todralazine addition. Therefore,
free radical scavenging and antiapoptotic action as a mech-
anism for rescuing zebrafish from PHZ-induced hemolytic
anemia can be ruled out. To visually assess the influence of
todralazine on recovery from hemolytic anemia, Tg(gata1a:
dsRed) zebrafish embryos were used. GATA1, an erythroid-
specific transcription factor, marks erythroid lineage50 and
regulates vital developmental processes in vertebrates, in-
cluding hematopoiesis.50 The GATA1 reporter zebrafish has
been well characterized and used for understanding the dy-
namics of erythroid progenitors in live embryos.49,50 In the
present study, Tg(gata1a: dsRed) zebrafish embryos essen-
tially recapitulated the effects of PHZ and todralazine
observed in wild-type embryos. Long et al., using the
Tg(gata:gfp) reported the presence of two distinct popula-
tions based on fluorescent intensity, one being larger and
brighter, while the other being smaller and less bright.50

Furthermore, transplantation studies with the sorted popula-
tion suggested that a larger and brighter population harbors
long-term repopulating potential and represents erythroid
progenitors. In view of these studies, we tried to assess the
nature of cells present in the CHT region in different exper-
imental groups. Fluorescence microscopy clearly showed
brightly fluorescent and less brightly fluorescent populations.
At both 96 and 120 hpf, the CHT region harbored these
brightly fluorescent erythroid progenitor populations, which
seem to be responsible for erythropoiesis (Fig. 3a). To further
ascertain the nature and presence of erythroid progenitors in
the CHT region, tails from untreated and todralazine-treated
embryos were surgically removed at 96 hpf and erythroid-
specific gene expression (ae1 and be1) was analyzed using
qPCR. A similar approach, involving surgically separating
the trunk from the tail to study the role of different hemogenic
sites (trunk and tail) in definite erythropoiesis has been done
by several investigators.51,52 The results clearly suggest the
presence of erythroid-specific progenitors responsible for
definitive erythropoiesis at CHT (Fig. 3b). These results are
in corroboration with earlier studies, which report that in wild-
type developing embryos, at 96 hpf, both the trunk and CHT
region contribute toward the definitive erythropoiesis.51,52

Erythropoiesis is one of the committed downstream
functions of HSCs and several small molecules are known to
influence the HSCs and their expansion.11,13 Therefore, it was
interesting to assess the influence of todralazine on HSCs. To
assess the effect of todralazine on HSC expansion, imaging of
HSCs at the AGM region at 36 hpf was done in Tg(cmyb:gfp)
embryos. cMyb is a well-known marker for definitive HSCs,

and it is well known that definitive HSC production ensues in
the AGM region along the ventral wall of the dorsal aorta
subsequently colonizing CHT, thymus, and eventually the
kidney.53 Several investigators have used the AGM region
to visually identify HSC expanding potential of the small
molecule.10,13 Imaging in the AGM region at 36 hpf, has
clearly suggested that todralazine (5 or 10 lM) increased
(*2- and 1.8-folds, respectively); the number of HSCs in-
dicating its HSC expanding potential (Fig. 4a, b). Similarly
metoprolol, a known b blocker and antihypertensive drug,
also increased the number of HSCs (*1.7-folds) (Fig. 4a, b).

To further prove the HSC expanding potential of b2

blockers, expression of HSC markers (runx1 and cMyb) was
assessed in case of todralazine or metoprolol-treated wild-
type zebrafish embryos (Fig. 4c). Todralazine treatment from
24 to 36 hpf led to increased expression of both runx1 and
cMyb, indicating expanded HSC pool. In the present study,
the drugs were added at 24 hpf because b2 blockers are known
to expand the HSC pool more effectively when added after
commencing of blood flow.13 In the case of zebrafish, the
blood flow begins at around 24 hpf. Many blood flow altering
agents with beta adrenergic receptor antagonist potential in-
crease the proliferation of HSCs,13 further supporting the use
of b2AR as a target for identification of novel HSC expanding
agents. As the aim of the present work was to identify agents
that can render protection against lethal doses of gamma ra-
diation, the radioprotective effect of todralazine was tested in
developing zebrafish embryos. Among the early develop-
mental stages, the mid-blastula transition stage is the most
radiosensitive stage suitable for screening agents for radia-
tion protection.54 However, in this study, 24 hpf staged
embryos were used for radioprotection experiments, as a
sizeable fraction of embryos either die or do not develop
normally in the first 24 hpf. Those embryos, which survive
the first 24 h develop normally and reach adulthood. In the
present study, 144 hpf was used as the time limit for assessing
mortality and organ damage because the first 6 days of the
developing embryos are independent of external feeding,
thereby reducing the variability in terms of differences in
feeding ability after irradiation. In fact, a similar screening
schedule was used by several investigators for identifying
radioprotectors.54–56 Todralazine, at a concentration of 5 lM,
added 30 min before the 20 Gy gamma radiation exposure,
significantly protected the embryos, both from lethality and
radiation-induced organ toxicity, assessed as PE and eye size
(Figs. 8 and 9). To further understand a possible correlation
between b2 blockade, HSC expansion, and radioprotection,
metoprolol, a known beta blocker, was tested for possible
radiation protection. Metoprolol, showed both HSC expan-
sion potential and the ability to protect zebrafish embryos
from radiation-mediated lethality. However, further stud-
ies are required to prove a direct relationship between b2

blockade, HSC expansion, and radioprotection. Several
studies suggested that beta blockers, including metoprolol,
exert adrenoreceptor-independent effects, including free
radical scavenging and antioxidant action.57 It can be ex-
pected that radiation protection by metoprolol could at least
be partially attributed to its antioxidant actions. Radiation-
mediated damages involve generation of free radicals, mac-
romolecule degradation, and oxidative stress and in relevance
to these, free radical scavenging potential has evolved as one
of the important radioprotective mechanisms. In fact,
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todralazine has already been reported to exert antimutagenic
action.58 It was interesting to understand the contributory role
of free radical scavenging in its overall radioprotective ac-
tion. 2-DR assay is a reliable test to assess the hydroxyl
radical scavenging potential of molecules in a cell-free sys-
tem.37 Todralazine inhibited hydroxyl radical-mediated
degradation of 2-DR, suggesting its radical scavenging po-
tential (Fig. 8a). However, one of the major problems with
antioxidants is that they often do not faithfully recapitulate
the same potential in vivo, hence, the ROS scavenging po-
tential of todralazine was tested in vivo. As shown, through
the 2-DR degradation assay (in vitro) todralazine at the ra-
dioprotective concentration (5 lM) scavenged ROS in vivo as
well (DCFDA assay). These results are in corroboration with
an earlier study by Gasiorowski, which reports the anti-
mutagenic potential of todralazine.58 To confirm its ROS
scavenging potential in vivo, apoptosis, a downstream effect
of free radical-mediated oxidative damage was assessed in
different treatment groups using the acridine orange assay.
Apoptosis was observed throughout the developing embryos.
However, for quantifying apoptosis, the notochord of the
embryos was considered due to the high radiosensitivity of
developing notochord.59 Todralazine protected the embryos
from radiation-induced apoptosis, further proving its free
radical scavenging and antioxidant action. Quantification of
apoptotic cells, identified as the subG1 population, using the
flow cytometry technique further supported the capacity of
todralazine to block radiation-induced apoptosis. Overall, the
results suggested that todralazine possesses the HSC ex-
panding and antioxidant potential, which might be contrib-
uting toward its radioprotective action. Since, in the present
study, todralazine was added before irradiation, the free
radical scavenging and antioxidant action might be the major
radioprotective mechanism with HSC expanding potential as
the contributory mechanism. Studies on the radiomitigative
potential of todralazine are warranted to establish the role of
HSC expanding potential toward its radioprotective action.

Molecular docking studies have indicated possible b2

blockade by todralazine, and to further establish the same, the
effect on heart rate was assessed. Beta blockers are known for
their antihypertensive action and an important downstream
functional effect of the b2 blockade is the slowing down of
heart rate and reduced blood pressure.60 Several beta blockers
reduce heart rate in a variety of animal models, including
zebrafish.61 Todralazine, in a dose-dependent manner, re-
duced heart rate in developing zebrafish embryos (Fig. 5),
supporting the possible b2 blockade action. However, direct
receptor and ligand-binding studies are warranted for un-
equivocally proving the interaction. Nevertheless, it is
worthwhile to mention the fact that the b2AR-binding po-
tential of todralazine can also be anticipated from the fact that
todralazine is an antihypertensive drug and b2AR could be its
target in view of the notion that molecules sharing similar
functions are likely to share targets as well.62 However, it
is interesting to understand adrenoreceptor-independent
mechanisms, such as modulation of epigenetic status of the
cell, as many epigenetic-modulating agents (HAT inhibi-
tors) effectively modulate hematopoiesis.12,63,64 In fact, to-
dralazine has been reported to inhibit histone acetylation.64

The present study reports HSC expansion and radiation
protection by todralazine, an antihypertensive drug in clinical
use. As the radiation-induced hematopoietic syndrome is the

predominant cause of mortality, its utility as an HSC ex-
panding agent in postirradiation scenarios holds significant
implications. However, validation of HSC expansion and ra-
dioprotective potential in murine models and higher mam-
mals, including nonhuman primates, is key for translating
todralazine for possible applications in the management of
radiation overexposed victims.
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