
Research Article

Biomedical Research and Clinical Practice 

Biomed Res Clin Prac, 2017         doi: 10.15761/BRCP.1000139  Volume 2(2): 1-9

ISSN: 2397-9631

Deep hypometabolic state mitigates radiation-induced 
lethality in zebrafish
Subhajit Ghosh1,2, Namita Indracanti1, Jharna Ray2 and Indracanti PremKumar1*
1Drug Repurposing &Translational Research Lab, Institute of Nuclear Medicine and Allied Sciences, India
2S. N. Pradhan Centre for Neuroscience, University of Calcutta, Kolkata, India

Abstract
The increased risks of ionizing radiation exposure both due to accidental and malevolent terrorist acts demand efficient prophylactics and mitigators. As of now 
there are no clinically safe and effective radiomitigators. Deep hypometabolic (DH) or suspended animation (SA)-like state render organism’s resistant to a variety 
of stresses. The present study aims at investigating the radiomitigative effect of anoxia-mediated DH state using developing zebrafish as a vertebrate model. Anoxia 
efficiently induced a DH state (heartbeat, movement and developmental arrest) in developing zebrafish and effects reversed when the embryos brought back to a 
normoxic environment. Embryos of 4 hpf (hours post-fertilization) in the hypometabolic state effectively tolerated the effects of supra-lethal doses (20 Gy; LD80/6) 
gamma radiation and rescued from radiation-induced pericardial edema, microopthlamia, microcephaly, skin roughness, bradycardia and lethality (80% survival 
advantage after 6 days, over zero survival in radiation treatment alone). The DH-like state induced immediately after exposure to 20 Gy gamma radiation delayed as 
well as minimized the damage manifestations, and the extent of the delay was found to be equal to the duration for which the embryos were in DH state. The present 
study demonstrates that the DH state protects zebrafish from radiation-induced lethality and also mitigates radiation-induced damaging effects when induced prior 
to or after lethal radiation exposures, respectively.
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Introduction
Free radical-mediated damage to macromolecules, altered cell 

signaling, perturbed cellular and tissue homeostasis leading to cell 
death are predominant mechanisms through which low linear energy 
transfer (LET) radiation inflicts damage in biological systems [1-3]. 
The extent of damage manifestation and its consequences during the 
post-irradiation (post-IR) period depends upon the absorbed dose and 
elapsed time, and damage manifestation becomes irreversible with 
time [4]. It can be expected that if the rate of cellular metabolism is 
reduced, it would lead to slowing down of molecular and biochemical 
activities and ultimately damage manifestation in irradiated organisms. 
Reduction in the rate of metabolism, by lowering temperature, is 
a well-studied and is known to reduce radiation-mediated damage 
[5]. Oxygen, available in the cell and tissue milieu, further complex’s 
radiation damage by increasing the quality and quantity of free radicals 
and the decreasing oxygen availability is known to reduce the flux of 
oxygen centered free radicals and subsequent damage induction [6]. In 
nature, a number of vertebrates and invertebrates undergo metabolically 
suppressed state known by a variety of terms like hibernation, torpor, 
aestivation and brumation [7]. During this state oxygen requirement 
as well as the metabolic rate decreases to a minimum level where the 
organism operates cellular function, which is just sufficient for survival 
[8,9]. Experimental studies have clearly suggested that naturally non-
hibernating species like laboratory mice can also be made to enter the 
hibernation-like state by a variety of approaches like low temperature, 
hypoxia, hydrogen sulfide, carbon monoxide, etc. [10]. One of the 
hallmarks of the hypometabolic state is to render the organism 
resistant to a variety of stresses [11-15]. These studies have raised 
significant interest in the phenomenon of hypometabolism and its 
possible biomedical implications [16]. The controlled and reversible 
slowing down of the metabolism and subsequent molecular functions 

has interesting implications for radiation exposure scenarios [16]. 
Young and Taylor [17] have suggested that in humans, a wakeful 
hypometabolic state is possible through parasympathetic dominance 
during meditation, while the cardiac activity and other biochemical 
data supported biological aestivation. It can be anticipated that a 
reversible hypometabolic state, if induced in radiation exposure 
victims, will reduce the radiation effects which would be invaluable for 
management of radiation exposed victims. In the recent past, zebrafish, 
a tropical minnow, have been widely used as a model for understanding 
basic pathophysiology and also for screening of drugs for a variety of 
diseases [18]. Some of the important features which make zebrafish 
an attractive model includes rapid development, transparent early 
developmental stages, ease of maintenance and high fecundity [19]. 
The present study was undertaken to investigate whether a reversible 
hypometabolic state renders protection against radiation exposure in a 
whole organism model and the following issues were addressed using 
zebrafish, a non-hibernating vertebrate organism model: Does SA-like 
state, if induced prior to lethal doses of ionizing radiation exposure, 
confer any advantage or protection in terms of damage induction and 
survival? Does SA-like state mitigate and/or delays the manifestation of 
radiation-induced damage and lethality, when induced after ionizing 
radiation exposure?
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Materials and methods
Zebrafish maintenance and embryo collection 

Wild-type zebrafish (Danio rerio) were maintained following the 
standard protocol [20,21]. The fishes were kept at a room temperature 
of 28.5 ± 2 ºC with a 14 h light followed by 10 h dark cycle and fed twice 
a day with freshly hatched brine shrimp (Sanders, The Great Salt Lake, 
USA) and intermittent feeding with commercial flake food (Aquadene-
MicroPellet, China). Embryos from paired breeding were collected 
within 1 h of spawning, cleaned and grouped according to the stage of 
the development [22], and maintained in 90 mm petriplates in 1× E3 
medium (5mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4).

Reagents and environmental condition 

All chemicals used for preparation of medium and buffers, unless 
otherwise indicated, were obtained from Sigma-Aldrich (St Louis, 
MO, USA). All experiments were carried out in accordance to the 
animal ethics guidelines of the Institute of Nuclear Medicine and 
Allied Sciences (INMAS), Delhi, India. Environmental Bio Bag Type 
A (Becton Dickinson and Co., MD, USA) were used for induction 
of anoxia following manufacturer’s instructions. The onset of anoxia 
was determined by following the change in color with the resazurin 
indicator (pink to white) and in our hands, the color change indicating 
the onset of anoxia was observed within 30 minutes of sealing the bags. 
However, earlier studies have shown that small amount of oxygen 
remains on the water depending on the volume of the water, and 
around 60 to 90 minutes is required for achieving the complete anoxic 
state [23].

Anoxia induced DH state, recovery and viability assessment

Embryos at different developmental stages (3, 6, 16, 24, 48, 72 and 
96 hpf) were placed into the anoxia chamber in 4 ml of E3 medium 
and maintained for 4 or 20 h at 28.5 ± 2 ºC. After the stipulated time 
intervals, anoxia chambers were opened and embryos were transferred 
into normoxia E3 medium [24]. The embryos were observed for 
recovery and damage manifestations (pericardial edema, heartbeat, 
skin roughness and lethality) every 24 hours up to 144 hpf or for the 
duration of the experiment. Embryos subjected to anoxia at 3 - 16 hpf 
were assessed after they reached 24 hpf stage while those at 24 hpf and 
older were assessed within 1 hour after returning to normoxia basing 
on resuscitation of the heart-beat. The assessments for all groups of 
embryos were done until 144 hpf including morphological endpoints 
like pericardial edema, heart rate, skin roughness and survival.

Radiation and LD50 

To determine the optimal radiation dose for anoxia studies, 
embryos (3.3-3.8 hpf; n=5 per group) were exposed to different doses of 
gamma radiation at room temperature (5 to 40 Gy) using a 60Co source 
(Gamma cell 5000, Board of Radioisotope Technology, Mumbai, India; 
dose rate 1.12 KGy/h). The assessments of developmental parameters, 
damage end points and lethality were monitored every 24-hour until 
144 hpf.

Radioprotection and mitigation study 

For radioprotection protection studies, petri plates containing 
embryos (n = 6) at 3.5-3.8 hpf were placed inside the anoxia chambers, 
sealed and maintained for 20 h and exposed to 20 Gy gamma radiation. 
After 30 minutes of radiation exposure, the chambers were opened and 
embryos were transferred to normoxia medium and monitored for 
development, damage manifestations and death till 144 hpf. For radio 

mitigation studies, around 3.5 - 3.8 hpf staged embryos (n = 6) were 
exposed to 20 Gy and within 30 minutes, the embryos were transferred 
to anoxia chambers and maintained for 20 hours. Thereafter, the 
embryos were transferred to normoxia conditions, and the damage 
manifestations and lethality were monitored every 24 hours till 144 hpf.

Assessment of heart rate, pericardial edema, micro-
ophthalmia, microcephaly and skin roughness

For assessing survival, beating heart was considered as the end point 
and percent survival was calculated as previously reported by Geiger et 
al [25]. Radioprotection or mitigation due to DH state was calculated 
by comparing the DH + radiation (DH + IR) group with the radiation-
alone group. Quantitative analysis of heart rate was done following 
the stopwatch method [26, 27]. Briefly, embryos were anesthetized in 
0.001% tricaine dissolved in 1× E3 medium prior to counting under a 
microscope (Leica DMR, Germany) connected with a computer by an 
external camera (MDCE-5C, USB 2.0). The heartbeat of each embryo 
was counted for 1 minute using a stopwatch and expressed as an average 
of beats/minute of three individual experiments. 0.001% tricaine used 
for inducing anesthesia did not have any effect on heart rate of 24-
144 hpf staged embryos. The assessments of pericardial edema and 
micro-ophthalmia of embryos were analyzed by measuring the area 
of pericardium and eye following reported methods [28,29]. Briefly, 
embryos were anesthetized and placed laterally under the microscope, 
and images were captured every 24 hours till 144 hpf. The area 
measurements were done using a free hand measuring tool in Image J 
software (http://rsbweb.nih.gov/ij/) and expressed as the mean value of 
area (pixels) of three independent experiments. Similarly, for midbrain 
length, the distance between hindbrain and forebrain was measured 
at 48 hpf and expressed as pixels of three independent experiments. 
Midbrain measurement was not done in older embryos (> 48 hpf) 
due to significant pigmentation and obscure brain boundaries. The 
skin roughness (SR) measurement was done by capturing the images 
of an initial somatic muscle portion behind the hindbrain and was 
assessed for the appearance of muscle fiber organization (+ve score), 
and disorganization (-ve score) was carried out. Based on +ve or –ve 
score the SR was expressed as % of incidence of three independent 
experiments.

Statistical analysis 

Results were presented as mean ± S.D. of three individual 
experiments. Statistical significances between two independent groups 
were assessed by Student’s t-test and one-way ANOVA followed 
with Fisher’s post-hoc test using Microsoft Excel (MS Office 2007). A 
p-value < 0.05 was considered significant.

Results
Reversibility of the suspended animation (SA)-like state in 

developing zebrafish embryos. 

In our laboratory, induction of anoxia-mediated DH state was 
achieved within 2 hours of placing the embryos into the anoxic 
chamber. When embryos were brought back to the normoxia condition, 
the development resumed and with respect to control group, which 
were maintained in the normoxia environment, the development was 
found to be delayed by the duration for which the embryos were in the 
DH state (Figures 1A-1G). The reversibility of the DH state showed 
dependence on the duration for which the embryos were in SA-like 
state. Embryos at 3, 6, 16, 24, 48, 72 and 96 hpf when exposed to 20 
hours of SA-like state exhibited a decreasing survival (100, 100, 85, 70, 
0, 0, and 0 % respectively) (Figure 1H). While late-staged embryos i.e 
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older than 48 hpf could not tolerate even 5 hours of the DH-like state 
showing 30 % survival at 72 hpf and 0% at 96 hpf (Figure 1H).

Effects of ionizing radiation on zebrafish embryos

Survival: Exposure of 3.5-3.8 hpf embryos to different doses of 
ionizing radiation resulted in a dose-dependent damage induction and 
lethality (Figure 2). Morphological assessment of the embryos exposed 
to increasing doses of radiation showed an increasing overall damage 
manifestation and deterioration (Figure 3A). The lowest dose (5 Gy) 
was used for this study to induce minimal effects while deaths in case of 
higher radiation doses were more pronounced. The survival after 144 
hours was 80, 70, 20 % for 5, 10, 20 Gy, respectively. The exposure of 
the even higher doses, resulted in death of the embryos within 72 hours 
(Figure 2B).

Heart rate: The heart rate (beats/minute) of untreated control 
embryos initially increased from 120 beat/minimum at 24 hpf to 
160 beat/minimum at 48 hpf and thereafter remained plateau at the 
end of experiment (Figure 3C). Exposure to 5 and 10 Gy radiation 
did not change this pattern until 72 hpf. However, unlike untreated 
embryos, after 72 hpf, the IR embryos exhibited a significantly reduced 
heartbeats (140 beats per minute in comparison to 160 beats for un-

Figure 1. Effect of the anoxia-induced SA-like state on development of zebrafish embryos. 5.7 hpf zebrafish embryos were put to anoxic environment for a duration of 18 hours and thereafter 
shifted to normoxic medium and further development was observed at different time points. 5.7 hpf zebrafish embryos allowed to develop in normoxic environment were used as a control 
group. Panel A shows a representative image of 5.7-6 hpf old zebrafish embryo. Panels B, D and F show the representative images of developing zebrafish embryos in normoxic conditions 
after 24, 48 and 72 hours respectively. Panels C, E and G show the representative images of developing zebrafish embryos in normoxic conditions after 24, 48 and 72 hours respectively. 
Note that the developing embryos put to SA-like state were lagging behind, in development, by 16 hours (based on the head-to-trunk angle, data not shown). Panel H shows a survival 
histogram of different stages of embryos with different SA state durations. All images are representative of three independent experiments. Each value represents the mean ± SD, n=10, p< 
0.003; between two SA-like state groups.

Figure 2. Radiation dose response of developing zebrafish. Groups of 5.7-6 hpf old 
zebrafish embryos were exposed different doses of gamma radiation, and survival were 
assessed at indicated time points post radiation exposure. Data presented is from three 
independent experiments. Each value represents the mean ± SD, n=6. P<003; versus non-
irradiated control group.
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irradiated embryos). Embryos exposed to 20 Gy perturbed the normal 
heartbeat pattern, and the heartbeat remained at around 100 beats per 
minute until 96 hours, which thereafter showed a steep decline and was 
found to be 60 beats per minute in the surviving embryos after 144 hpf. 
Higher doses (30 and 40 Gy) showed more pronounced effects, and a 
steep decline were observed, and heartbeat was undetectable after 48 
and 72 hpf for 30 and 40 Gy treated embryos respectively (Figure 3C).

Eye size & midbrain length: Untreated zebrafish embryos have 
shown a normal increase in the size of the eye till 72 hpf and thereafter 
a plateau was observed until 144 hpf (Figure 3D). A similar trend was 
observed in case of embryos exposed to 5 and 10 Gy. However, 20 Gy 
exposure led to reduced eye development until 96 hpf and thereafter 
there were significant degeneration and decrease in the size was 
observed until 144 hpf (Figure 3D). In case of higher doses (>20 Gy), 
the size of the eye has shown a steep decline from 24 hpf onwards, and 
the trend was continued until their deaths (Figure 3D). Similarly, the 
midbrain length at 48 hpf was not markedly affected by 5 Gy and 10 
Gy (Figure 3B). However, the 20 Gy exposure has led to a significant 

decrease in the size of the midbrain length which was found to be 
profound in case of 30 Gy. The effect of 40 Gy could not be assessed as 
the embryos were dead by 48 hpf (Figure 3B).

Pericardial edema (PE): Radiation in a dose-dependent fashion 
increased the pericardial edema formation. Exposure to 20 Gy resulted 
in an increase in the volume of pericardial sac, beginning at 48 hpf, 
which continued to expand during the entire duration of experiment 
(till 144 hpf). While the 40 Gy exposure led to appearance of pericardial 
edema at 27 hours and continued to increase till their deaths (48 hpf). 
Lower doses (<20 Gy) did not induce any significant increase in the 
pericardial area during the entire duration when compared to untreated 
control (Figure 3E).

Effect of DH state on radiation induced damage and lethality

From the dose-response studies, 20 Gy (LD 80/6) was chosen 
for further radioprotection and mitigation studies. Embryos in the 
DH state (for 20 h) exposed to 20 Gy ionizing radiation (hereafter 
expressed as DH + IR) exhibited significant protection when compared 

Figure 3. Effect of different doses of IR on heart rate, pericardial edema, microcephaly and micro-opthalmia in zebrafish embryos. Panel A shows representative images of embryos exposed 
to different IR doses. Black arrows, arrowhead and white arrows indicate pericardial edema, microcephaly and micro-opthalmia respectively). B shows the effect of different doses of IR on 
microcephaly, expressed as midbrain length in pixels at 48 hpf (measured at a lateral view). C Changes in heart rate with increasing doses of IR and expressed as beats per minute. D and E 
show effect of different doses of IR on micro-opthalmia and pericardial edema. Each value represents the mean ± SD, n=5 of at least three independent experiments.
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to the radiation-alone group and rendered 80% survival in comparison 
to 20% survival in the 20 Gy-irradiated group on 6th post irradiation 
day (Figure 4). The surviving embryos have exhibited very little damage 
manifestation and continued to reach adulthood without any gross 
deformities. The DH state significantly rescued the embryos from 
radiation-induced damage manifestations studied (heart rate, eye size, 
pericardial edema and midbrain length) (Figure 5). Embryos in the DH 
+ IR group showed significant protection against radiation-induced 
reduction in heart rate. Upon transfer to normoxia conditions, there 
was an initial increase in the heart rate till 72 hpf which thereafter 
remained plateau till 144 hpf (Figure 5A). A similar trend was also 
observed in the case of untreated embryos (Figure 5A). Similarly, the 
DH state reduced radiation-induced pericardial edema formation and 
exhibited a pericardial volume similar to that observed in the case of 
the control group during the entire experimental duration (Figure 5B). 
The DH state significantly protected eye and brain from radiation-
induced damage and degradation and upon transfer to normoxia 
conditions, both eye and brain showing a developmental pattern 
similar to the untreated control group. While 20 Gy exposure lead to 
a significant reduction of eye and brain development and an increase 
in the opaqueness which persisted till 144 hpf (Figures 5C, 5D). The 
midbrain lengths in the cases of control and 20 Gy exposed groups 
were found to be 105 ± 0.8 and 72 ± 2.9 pixels, respectively, while the 
DH + IR group has shown an average midbrain length of 104 ± 2 pixels. 
As observed in case of other end points, the DH state protected the 
embryos from radiation-induced muscle fiber degradation (Figure 
6). Radiation-induced gross changes in the organization of muscle 
fibers and subsequently led to skin disruption at 27 hpf and by 96 hpf, 
and all the irradiated embryos have shown optimal skin disruption 
characteristic (Figure 6C). The DH state significantly reduced the 
incidence of skin disruption (only 10% of the embryos exhibited skin 
deformities) (Figure 6D).

DH state mitigates radiation-induced damage and lethality

To address the question of whether an induction of DH state after 
irradiation (hereafter referred as IR + DH) delays ionizing radiation-
induced damage manifestation and lethality, embryos were exposed 
(20 Gy) at 3.5-3.8 hpf and immediately the DH state was induced 
for a duration of 20 h. When transferred to normoxic conditions the 
embryos have shown a delay in development (by 18h) and were found 
to be at 5.7 hpf stage and resumed development while the corresponding 
untreated control or irradiated group were found to be at 24 hpf stage 
(Figure 7C, 7D). The DH state mitigated radiation-induced lethality 
and exhibited a survival advantage of 34% over the radiation control 
(Figure 7K). The heart rate in the surviving embryos in the IR + DH 
group was found to be significantly higher than 20 Gy exposed embryos 
during the entire duration of experiment (Figure 8A). The volume of 
pericardial edema in surviving embryos of the IR + DH group (85 ± 
1.3) was also found to be significantly less than 20 Gy-exposed embryos 
(70 ± 2.8). Similar protection was also observed with midbrain length 
(Figure 8C). Eye area of irradiated embryos began to increase with a 
slow rate from 27 to 144 hpf whereas in the IR + DH group, the eye 
area increased significantly from 48 to72 hpf and then declined. But 
in control embryos, there was a constant increase in the area from 
27 to 144 hpf (Figure 8D). However, these results indicate that the 
radiation damage progress in the eye was delayed by 24 h. The muscle 
damage perturbation delay and amelioration by the SA- like state are 
illustrated in Figure 9. It was found that muscle fiber appearance and 
organization were similar as our previous observations in irradiated 
embryos. However, the severity was less in the IR + DH group (Figures 

9A-D). The number of incidence of skin roughness began to increase at 
27 hpf, and at 72 hpf it reached 100 % in irradiated embryos, whereas 
it began to increase at 72 hpf and reached 100 % at 144 hpf in the IR + 
DH group (Figures 9E).

Discussion
Reversible hypometabolic states or DH states have been well 

studied in a number of organisms and are known by a variety of 
terms, including hibernation, aestivation and torpor [7]. The present 
study investigated the radioprotective and mitigating effects of 
the SA-like state in zebrafish embryos. The embryos exhibited an 
inverse relationship between the age and reversibility of the SA-like 
state, which is in corroboration with earlier reports [24,25]. Anoxia 
effectively induced a hypometabolic state as was evident to the halting 
of development and slowing down of the heartbeat which strongly 
suggests the extremity of hypometabolic state. In fact, diminishing 
heart rate is a reliable end point for assessing the hypometabolic 
state. Systematic evaluation of morphological manifestation like 
pericardial edema, skin roughness and bradycardia suggests that 
zebrafish embryos up to 24 hpf successfully survived 16 hours of anoxia 
without any apparent damages. The successful survivals of the anoxic 
condition by early staged embryos can be explained by the fact that 
prior to development of circulation, embryos have the ability to adapt 
to anoxic conditions and halt the development. Further, it has been 
reported that those organisms which lack functional circulating system 
are more efficient in adapting to anoxic conditions [30]. However, 
the inability to survive longer durations of DH state in case of late-
stage embryos could be attributed to the presence of the functional 
circulator system where quick sensing and adaptability are not 
effective. Though the late-stage embryos did survive shorter durations 
(hours), but the surviving embryos exhibited damage manifestation 
when brought back to normoxia conditions, which could be due to free 
radical generation resulting from reperfusion of oxygen [31]. Among 
different end points studied, it is observed that embryos exposed to 
anoxia exhibited slowing down of heart rate, which could be due to 
the reduced metabolism [25]. Anoxia-induced DH states have already 
been shown to render protection against different stresses; hence it 
was interesting to investigate its possible radioprotective action. In 
view of this, a radiation dose-response study was undertaken with 
the most radiosensitive stage, i.e. mid-blastula transition state. 20 Gy 
was found to elicit LD80 in 6 days time, and all further studies were 
undertaken with this LD80 dose. The results clearly suggested that 
the DH state offered significant protection against radiation-induced 
organ damage and lethality. One of the possible mechanisms could be 
the absence or minimal presence of molecular oxygen in the system as 
oxygen is well understood to play a major role in generation of oxygen 
centered radicals [1]. Indeed, studies with cell lines under different 
oxygen tensions have clearly reported that low oxygen tensions lead to 
significant radioprotection. DH state when introduced after exposure to 
radiation resulted in delaying damage manifestation clearly suggesting 
that low metabolic state was indeed capable of delaying the radiation 
damage manifestation. The marginal mitigation by the DH state could 
be attributed to the fact that the lack of oxygen in the post-irradiation 
period might be reducing the secondary radical generation which is 
well known to contribute towards overall damage manifestation. 
Present study clearly suggests that a reversible hypometabolic state is 
achievable in vertebrates and renders significant protection against 
radiation-induced lethality. Anoxia was used as a method of choice 
for this study due to ease, however, similar approach may not be 
feasible for higher mammals and for human application. Nevertheless, 
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Figure 4. SA-like state attenuates the radiation-induced lethality in zebrafish embryos. Group of (3.8 hpf staged) zebrafish embryos were exposed to ionizing radiation in normoxic 
environment or when they are in SA-like state and 30 minutes later, the embryos were shifted to normoxic environment, and mortality was till 6 post irradiation days (144hpf). Figures 
C.F.I represents the un-irradiated control embryos imaged at 24, 72 and 144 hpf. Figures D, G, J represents zebrafish embryos exposed to IR while in SA-like state and imaged at 24, 72 and 
144 hpf. Note the delayed embryonic development in the SA-like state group exposed to IR. E, H are the representative images of developing embryos exposed to IR while in normoxic 
environment. Qualitative comparisons of morphologic aberration, microcephaly, micro-ophthalmia, pericardial edema and failure of yolk sac absorption are indicated by bracket, arrowhead, 
arrow and asterisk respectively. Figure K. Histogram showing the survival of zebrafish observed 6th day-after different treatments. All images are representative of three independent 
experiments. Each value represents the mean ± SD, n=6. *, p<0.003. Comparisons were made between IR and IR+SA-like state group.

Figure 5. SA-like state protects zebrafish from radiation induced reduction in heart rate, pericardial edema, micro-ophthalmia and midbrain length. A. Changes in heart rate measured at 
different indicated time points after different treatments. B and C. Changes in pericardial sac volume and eye size measured at different indicated time points after different treatments. 
D. Microcephaly, expressed as the measurement of midbrain length in pixels at 48 hpf. Inset images above the panel D illustrate the brain regions (HB=HindBrain, MB=MidBrain and 
FB=ForeBrain) and the length of the midbrain indicated as symbol (††). Each value represents mean ± SD, n=6 of at least three independent experiments. *, p<005, **, p<003 ##, p<003. 
Comparisons were made between untreated control and IR group or between IR and SA-like state +IR group.
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Figure 6. SA-like state attenuates IR-induced skin damages. Panel A shows muscle fibers (indicated by arrow) of the non-irradiated control embryos at 120 hpf. Image, left of panel A 
illustrates the somitic region (by dashed circle) used for skin analysis. B shows attenuation of IR effect (at 120 hpf) on muscle fibers (indicated by arrows) in zebrafish embryos exposed to 
IR while in SA-like state. Panel C shows disrupted muscle fiber organization with disappearing and irregular prominent solid line (indicated by arrow’s asterisk and arrowhead respectively) 
in IR embryo at 120 hpf. Images at the right side of panel B and C illustrate the negative and positive incidence of skin roughness (SR). D shows the incidence of SR(%) zebrafish with 
varied treatment at indicated time points. Each value represents mean ± SD, n=6. *, p<005. Comparisons were made between untreated control and IR group or between IR and IR+SA-like 
state group.

Figure 7. SA-like state mitigates radiation-induced lethality in zebrafish embryos. Panel A shows a schematic representation of experimental setup. Group of (3.8 hpf staged; Figure A) 
zebrafish embryos were exposed to ionizing radiation in normoxic environment and subsequently they were put to SA-like state for 20 hours. Thereafter the embryos were shifted to 
normoxic environment and mortality was till 6 post irradiation days (144hpf). Figures C.F.I represents the un-irradiated control embryos imaged at 24, 72 and 144 hpf. Figures D, G, J 
represents zebrafish embryos where SA-like state was induced post irradiation and imaged at 24, 72 or 144 hpf. Note the delayed embryonic development in SA-like state group exposed 
to IR. E, H are the representative images of developing embryos exposed to IR while in normoxic environment. Qualitative comparison of morphologic aberration like microcephaly, 
micro-ophthalmia and pericardial edema are indicated by bracket, arrowhead and arrow respectively. Figure K. Histogram showing the survival of zebrafish observed 6th day after different 
treatments. All images are representative of three independent experiments. Each value represents mean ± SD, n=6. *, p<0.003. Comparisons were made between untreated control and IR 
group or between IR and IR+SA-like state group.
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Figure 8. SA-like state mitigates radiation induced reduction in heart rate, pericardial edema, micro-ophthalmia and midbrain length in zebrafish embryos. Each error bar is ± SD, n=6 of 
at least three independent experiments. Each value represents mean ± SD, n=6 of at least three independent experiments. *, p<005, **, p<003, †, p<003; Comparisons were made between 
untreated control and IR group or between IR and IR+SA-like state group.

Figure 9. SA-like state mitigates IR-induced skin damage. A. Representative image (120 hpf) of intact muscle fibers (indicated by arrows) in non-irradiated control embryos B. Representative 
image of skin showing the effects of IR. The disrupted muscle fiber organization (indicated by arrows), disappearing and irregular prominent solid line (indicated by asterisk and arrowhead 
respectively) in IR embryo at 120 hpf. C. Image showing the mitigative effect of SA-like state when induced after IR (imaged at 120 hpf) on muscle fiber organization (indicated by arrows) 
or their disappearance (indicated by asterisk) in zebrafish embryos. The embryos with these features were counted as negative incidence. D. Representative image of embryos which were 
considered positive incidence. Note that different damage end points are evident. E. Percentage of incidence of SR(%) zebrafish with varied treatment at indicated time points. Each value 
represents mean ± SD, n=6. *, p<005. Comparisons were made between untreated control and IR group or between IR and IR+SA-like state group.
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in view of the significant benefits the hypometabolic state can offer 
to the management of radiation-induced damage, further studies are 
warranted in mammals using pharmacologically induced reversible 
hypometabolic states.
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