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INTRODUCTION 

 

1. Radiotherapy 

Conventional radiotherapy (RT) protocols are based on the administration of 

photon beams in the form of low Linear Energy Transfer (LET) radiation (X-

rays, γ-rays), which deposit a relatively small amount of energy on the target 

and disperses it further to the surrounding healthy tissue due to scattering 

phenomena, differently from high LET radiations (protons, neutrons), which 

produce higher biological damage on the target with minimal dispersion on 

the close non irradiated tissues. 

The so-called Linear and No-Threshold (LNT) model has been recognized 

for half a century as the methodological basis to predict stochastic and long-

term biological damage caused by Ionizing Radiation (IR). According to the 

theory of “stochastic breakage” of one or both the DNA double helix strands, 

high LET radiation generally induces “direct” damages on both DNA strands 

(Double Strand Breaks, DSBs) and macromolecules, proportional to the dose 

and exposure duration, often irreparable, and promoting cell killing. On the 

other hand, low LET radiations cause damage resulting from indirect 

interaction with the matter, where the damage on DNA and other 

macromolecules is prevalently due to the release of free radicals and Reactive 

Oxygen Species (ROS), produced by water radiolysis in cell cytoplasm 

(Wakeford, 2008). In this second case, Single Strand Breaks (SSBs) are 

prevalent and easily repairable, resulting in not permanent damages. Thus, 

low-LET radiation is more dependent on the so called “oxygen effect”, as free 

radicals and oxidized macromolecules are produced, contributing to the 

damaging of biological structures (Fig. 1). 
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Fig. 1 High-LET versus low-LET IR induced DNA damage. (A): High-LET IR, respect to 

low-LET IR (B), has both high energy and high mass, producing densely spaced damage 

through chromatin, across a short distance (Moore et al., 2014. DOI: 

10.1016/j.dnarep.2014.01.014). 

 

Nowadays Proton Therapy (PT) represents a valid alternative to photon RT 

for the treatment of specific types of cancer. The therapeutic use of proton 

beams (and of any charged particles) is primarily motivated by their inverted 

depth-dose profile, so that unlike photons, these particles release a smaller 

amount of energy in the initial phase of penetration into the patient's body, 

concentrating the maximum release of energy at the end of their path, in the 

so-called Bragg peak, i.e. on the tumor target. So, protons are characterized 

by more effective and selective delivery of energy to the target, generating 

limited damage in the surrounding healthy tissues. Considering how the dose 

should be conformed to the entire target volume and how it should be 

homogeneously distributed, the peak is enlarged to obtain a Spread-Out 

Bragg Peak (SOBP), which is obtained by overlapping several Bragg peaks 

relating to single beams of different energies and intensities (different LETs 

but constant dose). Protons and charged particles showed an enhanced 

Relative Biological Effectiveness (RBE) in cell killing, and this is related to 

the increased LET compared to X-rays in the region close to the Bragg peak, 

resulting in the induction of enhanced, unrepairable biological damage 

(Paganetti et al., 2002; Goodhead, 2006) (Fig. 2). Consequently, charged 

particles are often defined as densely ionizing radiation, in contrast to 

photons, being considered sparsely ionizing radiation. 

 

 

Fig. 2 Dose profile of a typical hadrontherapy treatment as SOBP, i.e. sum of multiple 

Bragg peaks (dashed blue line). For comparison, the dose-depth profile for an X-ray beam 

is shown in red. The pink area represents the excess dose for RT over hadrontherapy, which 
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can cause further damage to healthy tissue (AISF, Feb 1, 2018. L'adroterapia contro i tumori. 

FOOT: il nuovo esperimento dell’INFN. Neri F, Alma Mater Studiorum - Università di 

Bologna. https://ai-sf.it/sistemidiriferimento/2018/02/01/FOOT-BO/). 

 

The increased effectiveness of charged particles compared to photons is 

quantified by the RBE, defined as the ratio between photon and charged 

particle doses necessary to obtain the same biological effect (Fig. 3), that 

numerous studies have experimentally calculated close to 1.1 for protons and 

3 for carbon ions (Tubin et al., 2023). In a clinical context, RBE represents a 

key parameter to compare hadrotherapy treatment plans to X-rays for 

prescribed doses. 

However, the RBE is a complex quantity, depending on physical parameters 

(i.e. particle type, dose, LET) as well as on biological ones (i.e. tissue type, 

cell cycle phase, oxygenation level, end point) (Paganetti, 2014; Tommasino 

et al., 2014). 

 

 

Fig. 3 Definition of RBE, illustrated for cell survival curves. (Desouky and Zhou, 2016. 

DOI: 10.1016/j.jtusci.2015.02.014). 

 

1.1 Radiation-induced normal tissue toxicity 

Concerning the dose-dependence of biological effects, in 1973 it was 

developed the Linear Quadratic (LQ) model, till now considered a key tool 

to describe the relationship between radiation dose and survival of living 

cells.  

However, the evidence of recent years makes these “classic” models 

increasingly less acceptable and to be surpassed, considering that exposure to 

low doses of IR seems to have long-term carcinogenic effects, in exposed 

individuals and in subsequent generations. This is due to the fact that survived 

cells to low-dose exposure have been shown to accumulate damage, evident 
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in their progeny and in not directly irradiated cells, such as surrounding 

normal tissue. This is related to the exchange of molecular signals (oxygen 

radicals, nitrogen radicals and cytokines) and complex tissue reactions 

between near or distant cells (Burgio et al., 2018). This fact was reported for 

the first time in the 1950s but demonstrated only in the early 1990s, under the 

name of bystander effect (Tang et al., 2023). In particular, cells located 

closely to the irradiation site respond individually and collectively as part of 

a large, interconnected, web, with signals that could alter the dynamic 

equilibrium between proliferation, apoptosis, quiescence, or differentiation 

(Marín et al., 2015). Therefore, mutations, micronuclei formation, 

chromosome breaks and sister chromatid exchanges, as well as low-grade 

systemic inflammatory responses, can arise in neighbouring cells not directly 

affected by radiation (Banaz-Yasar et al., 2007). Depending on the nature of 

the chromosomal change, the mutation might lead to cell death or induce 

cancer formation, if the mutation happens to either turn on an oncogene or 

turn off a tumor suppressor gene (Hall and Giaccia, 2006). In addition, the 

possibility that the damaging effects suffered by cells (and DNA) could 

slowly accumulate over the time and that cumulative damages effect could 

occur even after months or years, led the researchers to think that it made no 

sense to propose a linear link between the initial dose and the biological 

damage (Lyng et al., 1996), especially considering that minimal doses of 

radiation (as 2 mGy) were often sufficient to produce these long-term effects 

(Mothersill et al, 2003). 

Rapid proliferating cancer cells are usually more sensitive to radiation than 

normal cells, so that they can usually repair themselves at a faster rate. So, 

the purpose of therapeutic plans is to inhibit, as much as possible, cancer cell 

multiplication, possibly leading to cell death, while minimizing dosage 

absorption in normal tissue, to prevent adverse effects and toxicity (Baskar et 

al., 2014). 

Thus, normal tissue response to IR has been a major subject of study since 

the discovery of X‐rays at the end of the 19th century (McBride et al., 2020), 

and it remains the dose-limiting factor to achieve full tumor control in clinical 

RT. During RT, about 90% of patients experience acute skin toxicities, related 

to apoptosis and necrosis even weeks after irradiation (Najafi et al., 2018). 

Indeed, exposure of normal tissue to radiation can cause both acute and 
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chronic toxicities, with chronic symptoms or severe organ dysfunction that 

can produce a decrease in quality of life (Citrin et al., 2010), leading to the 

inability to administer the intended therapy. 

In particular, conventional RT produces high incidence of dermatitis, 

pneumonitis, cataract genesis, neurocognitive impairment, 

myelosuppression, secondary malignancies, and mucositis/enteritis (Yorke et 

al., 2002). The skin irradiation inhibits connective tissue proliferation, 

formation and maturation of granulation tissue, collagen transcription and 

secretion and neovascularization, all of them fundamental to wound healing 

(Bernstein et al., 1993; Gu et al., 1998).  

Radiation-induced damages on normal tissue may vary depending on the 

volume of irradiated organ, the cell proliferation rate or intracellular and 

microenvironmental factors, the type of radiation, the dose delivered, its 

fractionation, the administration of radiation modifiers, and individual 

radiosensitivity (Blank et al., 1997; Meng et al., 1998). In addition, tissue 

composition, and in particular its turnover time or the plasticity in response 

to injury, clinically impacts the fractionated radiation schedules (Wabik and 

Jones, 2015). Particularly, tissues with rapid turnover are defined as “early 

responder”, and they have stem/progenitor populations which respond and 

regenerate rapidly, so they are more radiosensitive and exhibit a lesser effect 

of dose fractionation. Instead, slow-turnover tissues are “late responder” to 

IR, having less dependence on stem/progenitor cells for regeneration, relying 

more on the proliferation and reprogramming of more mature cells (Boerma 

et al., 2022). They are more radioresistant and require fractionated protocols 

for depositing the dose necessary to obtain a good probability of tumor 

control. Despite improved treatment modalities and advanced RT 

technologies has made RT safer than before, it is still important to broaden 

the therapeutic window between normal tissue damage and tumor suppression 

(Groves et al., 1999). Image guided RT treatments have made substantial 

progress in reducing the exposure of normal tissues to the prescribed dose. 

However, it is still necessary to find alternative and personalized treatment 

methods that can lead to more successful RT protocols (Citrin et al., 2017), 

pursuing two strategies of clinical importance: radiosensitization of tumor 

cells and radioprotection of normal ones (Vasiliki et al., 2022).  
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Several studies have been carried out and several possible alternatives were 

evaluated to outline potential therapeutic options in this context. 

 

1.2 The therapeutic window 

Over the past four decades, research has enhanced the understanding of the 

pathophysiological, cellular, and molecular complex processes governing 

normal tissue toxicity, going deeper the involvement of the crosstalk between 

the various cells of the treated tissue (Montay-Gruel et al., 2019). The RT 

therapeutic window for each tissue is described by the difference between the 

Tumor Control Probability (TCP) and the Normal Tissue Complication 

Probability (NTCP), which are described by sigmoid curves (Fig. 4) 

(Warkentin et al., 2004). 

 

 

Fig. 4 Descriptive curves of TCP and NTCP equations (Warkentin et al., 2014. DOI: 

10.1120/jacmp.v5i1.1970). 

 

Several physical factors can modulate this window; however, by increasing 

the dose or the radiation volume, both probabilities tend to increase. 

Moreover, recent technological advances in radiation delivery have been 

made to maximize the dose delivery on the tumor, saving the surrounding 

healthy tissues, such as Intensity-Modulated RT (IMRT), Image-Guided RT 

(IGRT), or other non-conventional RT treatments using hadrotherapy with 

protons or carbon ions (Forte et al., 2017).  

On the other hand, several other genetic and biologic features affect the 

tissues radiosensitivity, such as the tumor location or its cell repopulation rate. 

Other approaches used to modulate the treatment tolerance include the RT 

treatment schedule modification, playing on the dose fractionation, which is 

the time of total dose administration. The dose fractionation increases the 
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tolerability of normal tissues and, at the same time, reduces the 

radioprotective effects of hypoxia on the tumor; i.e. 2 Gy/day for a total dose 

of 60 Gy is the standard conventional protocol used for Breast Cancer (BC) 

RT treatment, even if several clinical trials are testing ipo- or iper- 

fractionated RT treatment dedicated to the various tumor types (Savoca et al., 

2020). Finally, the therapeutic window can be modified by combining RT 

with other treatment modalities such as chemotherapy, or the use of 

radiosensitizers and radioprotectors molecules, the last ones specifically 

increasing the tumor radiation response while decreasing toxicity on healthy 

tissue, respectively (Prasanna et al., 2012). Since the normal tissue 

complications derived from the RT treatment cannot be completely avoided, 

research on healthy tissue tolerance is currently focusing on the possibility of 

applying innovative combined RT protocols, based on the administration of 

low-toxic and very effective compounds, with a radioprotective role. 

 

1.3 Radioprotectors 

The use of a wide range of pharmaceutical compounds, many of them 

chemotherapeutic, seems to enhance the desired effects on the irradiated 

tumor mass, although most of them are toxic at therapeutically effective 

concentrations, and very few substances have passed clinical trials and are 

currently used as adjuvants (Lin et al., 2020). Therefore, optimizing drug 

ratios and schedules can provide an opportunity to improve drug combination 

activity and reduce dosages to attenuate toxicity (Wu et al., 2017).  

Radiation modifiers could also be represented by natural compounds, that can 

easily be recovered and are less expensive when compared to synthesized 

drugs. Their use minimizes collateral effects ameliorating the poor quality of 

life of oncological patients (Calvaruso et al., 2019). Bio-active compounds 

isolated from natural sources (as crude extracts of various medicinal plants, 

purified fractions, and herbal preparations) and enriched with antioxidants, 

usually called “scavengers”, possess unique immune-modulating properties, 

thus providing a double benefit over synthetic radioprotectors. These 

compounds could protect cells by scavenging free radicals, thus preventing 

their interaction with biochemical molecules (Murray et al., 1998). In this 

way, redox homeostasis can be maintained (Fig. 5).  
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Fig. 5 Mechanism related to the radioprotective effects of some compounds. Radiation 

induces formation of free radicals in the cells, which subsequently stimulates DNA damage 

response, oxidative stress response and inflammation. These events act as major causes for 

normal tissue injuries including fibrosis, skin dermatitis and organ damage (Kim et al., 2017. 

DOI: 10.3892/ol.2017.6042). 

                     

Interestingly, some phytochemical foods exhibit both antioxidant and pro-

oxidant activities, depending on their concentration and cellular 

microenvironment. Indeed, there is evidence that concurrent administration 

of some dietary phytochemicals enhances the efficacy of certain cancer 

treatments by increasing intracellular ROS accumulation while protecting the 

surrounding healthy tissue at the same time (Wasundara Fernandoa et al., 

2019). It has been shown that a biologically active molecule, such as a 

phytochemical, could induce a positive response (low dose stimulation) when 

given at low concentration, for adaptation or protection from stress factors, 

while it results in a toxic response, when it is present at a higher concentration 

(high dose inhibition). This biological phenomenon, called hormesis, explains 

this biphasic dose-response behaviour of a natural substance, pharmaceutical 

drug, or toxin (Calabrese et al., 2010).  

Among these compounds, Curcumin [(1E,6E)-1,7-bis (4-hydroxy- 3-

methoxyphenyl) -1,6- heptadiene-3,5-dione)] is a natural substance that has 

been seen to act with the dual role of radioprotector and radiosensitizer in 

association with IR, by in vitro studies (Minafra et al., 2019). Curcumin can 

sensitize cancer cells to irradiation and could play a key interesting role in 

radiosensitivity/radioresistance and radioprotection cell balance (Chendil et 

al., 2004), through mechanisms that could be summarized into three 

approaches: direct enhancement of the tumoricidal effect (sensitizing cancer 

cells to be more responsive to RT), reversing radioresistance (reducing the 
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pro-survival response mechanisms of cancer cells), and alleviating toxicity 

induced by RT protocol on normal tissues. 

 

2. Curcumin 

Curcumin has been explored in vitro and in animal models as potential option 

to reduce the stress pathways associated with radiation response and to 

improve wound healing in radiation-damaged skin, respectively (Zoi et al., 

2022). 

Turmeric (Curcuma longa Linn.) is a member of the Zingiberaceae family, 

and it is cultivated in tropical and subtropical regions around the world, 

although it originates from India, Southeast Asia, and Indonesia. Its 

pharmacological activity has been attributed mainly to curcuminoids, which 

are curcumin and two related compounds: the demethoxy curcumin and the 

bisdemethoxycurcumin (Paramasivam et al., 2009). Curcuminoids are 

phenolic compounds commonly used as spice, pigment, or additive in several 

foods, also utilized as therapeutic agents, due to their key roles in the control 

of inflammation and oxidative stress in many conditions. Their use in 

indigenous medicine for the treatment of sprain and inflammatory diseases 

has been known for centuries, under the name of turmeric and derived from 

the powder form of rhizome. They appear as crystalline compounds, with a 

bright orange-yellow colour. Between them, curcumin makes up about 90% 

of the curcuminoids present in turmeric, and it is a polyphenol with the 

molecular formula C21H20O6 (Fig. 6). 

 

 

Fig. 6 Major phytoconstituents of extracts of Curcuma longa. Compounds 1, 3, and 4, often 

grouped together as “curcuminoids”, generally make up approximately 1–6% of turmeric by 

weight. Of a curcuminoid extract, 1 makes up 60–70% by weight, while 3 (20–27%) and 4 
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(10–15%) are minor components (Nelson et al., 2017. DOI: 

10.1021/acs.jmedchem.6b00975). 

 

Curcumin, extracted in a pure crystalline form for the first time in 1870 (Goel 

et al., 2008) but characterized only later, in 1910 (Ruby et al., 1995), is widely 

reported to have remarkable medicinal and antineoplastic properties. Its 

multiple pleiotropic effects are related to the ability to interact and regulate 

multiple molecular targets such as Transcription Factors (TFs), growth 

factors, kinases, pro-inflammatory cytokines, adhesion molecules, etc. 

Various studies suggest that this compound has extensive biological activity 

as antioxidant, neuroprotective, antitumor, anti-inflammatory and 

radioprotective (Amalraj et al., 2016). These properties are attributed to the 

key elements in its structure (Aggarwal et al., 2014), with two phenyl rings 

substituted with hydroxyl and methoxyl groups, connected via a seven carbon 

keto-enol linker (C7) (Chen et al., 2006). However, the curcumin uses are 

limited due to its low water solubility at acidic and neutral pH, whereas it is 

soluble in methanol, ethanol, Dimethyl Sulfoxide (DMSO), and acetone. After 

oral administration, curcumin is metabolized by reduction and conjugation, 

producing metabolites whose biological activities are strongly reduced 

compared to that of curcumin. Its low absorption, bioavailability and high 

metabolism rate make it an unstable, reactive, and unavailable compound 

with poor pharmacokinetic/pharmacodynamic (PK/PD) properties (Nelson et 

al., 2017). So, to overcome these obstacles and improve its activity, several 

structural modifications have been suggested to increase bioavailability or 

stability (Murgia et al., 2020). Among the new strategies to increase its 

cellular absorption, the best way would seem to be the curcumin trapping into 

a nanoparticle carrier (Chen et al., 2020), to realize a molecule with lower 

chemical difficulties and higher potential for future biomedical applications. 

 

2.1 Curcumin as radioprotector 

Since one of the most prominent cancer pathogenic factors is of inflammatory 

nature, it seems clear that the curcumin anti-inflammatory powerful effects 

could down regulate inflammation and ROS production in surrounding 

normal tissue, as well as the RT induced fibrosis (Fig. 7).   
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Fig. 7 The molecular targets, anti-inflammatory and antioxidant mechanisms of curcumin 

on the normal cells. (Salehi et al., 2020. DOI:10.3390/jcm9020430). 

 

Previous in vitro results suggested that this protective mechanism depends on 

TGFβ decrease and, mainly, on the NF-kB inhibition (Bravatà et al., 2013), 

as well as on mitochondrial GSH increase or phase II detoxifying enzyme 

genes activation through Nrf2 signalling pathway, inducing a cellular 

protection against oxidative injury (Milad et al., 2020). 

Minafra et al. (2019) evaluated the intracellular ROS levels in the MCF10A, 

MDA-MB-231 and MCF7 cell lines 24 hours after treatments with 2 Gy vs 

2 Gy + Curcumin-SLN (Solid Lipid Nanoparticle), with the DCFH-DA (2,7-

Dichlorofluoroscin Diacetate) molecular probe. The treatment with curcumin 

in combination with IR was able to lower the cellular ROS level respect to 

that observed in samples treated with only IR. In addition, the metabolomics 

analysis confirmed that the administration of Curcumin-SNL was able to play 

a protective role against oxidative stress induced by IR. 

Srinivasan et al. (2008) also evaluated the radioprotective effect of Curcumin 

(CUR) analog [(bis-1,7-(2-hydrocyphenyl)-hepta-1,6-diene-3,5-dione)] on γ-

radiation induced toxicity in primary cultures of isolated rat hepatocytes. Pre-

treatment with different concentrations of CUR-analog showed a significant 

decrease in the levels of thiobarbituric acid reactive substances, inhibition on 

peroxidation of membrane lipids and free radicals-induced DNA strand break 

formation. 

It has been revealed that chromosomal aberrations are formed by interaction 

of free radicals with DNA, which can cause cytogenetic damage. The 

radiation-induced cytogenetic damage in bone marrow of mice after curcumin 
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administration was evaluated by micronucleus test, and it has been 

demonstrated that a significant decline in the number of MnPCE occurred 

when curcumin was orally administrated to mice as pre-IR treatment 

(Abraham et al., 1993). 

Although the low efficacy in several disease models as well as the toxic 

effects arising from certain testing conditions, a preclinical study also 

evaluated the effects on cutaneous toxicity induced by exposure to IR alone 

or in combination with curcumin. Intragastric and intraperitoneally 

administration of curcumin was given to C3H/HeN mice 5 days before or 

after RT (50 Gy, single dose, in the posterior leg of each mouse). Skin damage 

was assessed at 15–21 and 90 days post IR, to evaluate the acute and chronic 

cutaneous toxicity, respectively. The results showed that curcumin, for both 

the administration timepoints, markedly reduced acute and chronic cutaneous 

toxicity, significantly decreasing the expression of inflammatory IL-1, IL-6, 

IL-18, IL-1Ra and fibrogenic (TGF-β) cytokines in irradiated skin and 

muscles (Bravatà et al., 2013). 

Similarly, as described by another research group in 2020, in 40 rats exposed 

to curcumin for 4 consecutive days - 1 day pre- and 3 days after-IR -, the 

levels of antioxidant enzymes as Catalase (CAT), Superoxide Dismutase 

(SOD), and Malondialdehyde (MDA) compound, were found considerably 

elevated compared to the only irradiated rats, suggesting that curcumin 

stimulates an increase in the antioxidant response (Shabeeb et al., 2020). 

These are just a few examples, among a large number of in vitro and 

preclinical evidence, which describe and confirm that curcumin could play a 

radioprotective role in normal cells. However, considering this field 

relevance, this compound needs to be stringently analysed in other different 

models and conditions of radiation injury. 

 

3. Zebrafish model in research 

The zebrafish is a validated vertebrate model for disease, drug screening, 

target identification and pharmacology (Calum and Randall, 2015). 

Although cell cultures will remain a cornerstone of research, mainly for their 

ease of use, they do not allow multidirectional research. So, animal models 

are essential for the study of physiological and pathological phenomena, such 
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as the carcinogenesis stages (Völkel et al., 2018; Kwiatkowska et al., 2022). 

The mouse models, to date, are the most used. However, they have several 

negative points, including the high costs of maintenance and research, the 

long waiting times for the offspring and their limited number, as well as the 

fact that the rodents are hairy, which makes it impossible to visualize any 

processes in real-time; furthermore, not to be underestimated, rodents carry 

out their physiological activity at night, clearly detaching themselves from 

humans (Takashi et al., 2011).  

The spreading of zebrafish research field came in the early 1990s with the so-

called “Big Screen”, undertaken by the Nobel Prize winner Christiane 

Nusslein-Volhard at Max Plank Institute in Tubingen and her student 

Wolfgang Driver at Massachusetts General Hospital (Meyer et al., 2018). 

This ambitious initiative was a genome-wide screening on zebrafish, which 

started in 2001 and led to the categorization and description of thousands of 

zebrafish mutant lines. In 2013, the just published complete DNA sequence 

showed approximately 26.000 protein-coding genes, over 1.4 billion base 

pairs on 25 pairs of chromosomes. Comparison to the human genome, also 

revealed 70% of homology and 82% of orthologous human disease-related 

genes (Howe et al., 2013). 

Considering this, the use of zebrafish is suitable for studying a variety of 

different situations, such as genetics, cell biology, toxicology, and 

embryology (Arjmand et al., 2020). So, the small freshwater cyprinid fills a 

scientific niche between in vitro models and higher organisms (Horzman et 

al., 2018). 

Concerning toxicity assays, Sipes et al. (2011) reviewed the concordance of 

55–100% between zebrafish and mammalian models in evaluating chemicals 

with toxic effects (Brannen et al., 2010; Padilla et al., 2011; Selderslaghs et 

al., 2009). The percent concordance across the mammalian species suggests 

that the response of zebrafish is on par with mammalian toxicity models and 

supports the utility of the zebrafish model in toxicology research, and for 

identifying clinically relevant drug targets and compounds interfering with 

tumor progression. Its main advantages are a fast response time, cost 

efficiency for drug testing, efficient manipulation of the host 

microenvironment by genetic tools, suitability for small molecule drug 
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screening, easy maintenance, transparency for easy observation, high 

fecundity, and rapid generation time. However, all these specifications will 

be described in the next paragraph (Fig. 8). 

The key point is that zebrafish model is a good alternative in vivo model to 

mammals for robust testing of drug candidates for any therapy, as well as to 

test and validate any protocols (Somasagara et al., 2022). 

 

 

Fig. 8 Advantages of the zebrafish model for the research (Baeten and de Jong, 2018. DOI: 

10.3389/fcell.2018.00115). 

 

3.1 Zebrafish in cancer research and radiotherapy 

Furthermore, in the era of personalized treatments, zebrafish model could be 

a useful screening tool for studying the effects of different radiation qualities 

and modifiers in a complex organism (Steel, 1993). As described by the 

PubMed timeline resulted from the search query “zebrafish and 

radiotherapy”, the interest in this scientific area has been steadily growing 

from 2002 until 2022 (1 vs 24 papers). Most of the research has focused on 

the comparative study of the effects induced by different types of beams, 

while increasing literature is also available on the evaluation of compounds 

as possible radiomodifiers for the combined RT (Pucci et al., 2021). 

Several positive properties of this model make it highly applicable in the 

radiobiology field of research.  

First, these fish are quite small (adults are about 2–3 cm long), of ready 

abundance and accessibility and they can be easily maintained in the 

laboratory without excessive costs. The high fertility rate, combined with 

short generation time and large number of offspring, reduces the time to 
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produce experimental replicates, thereby increasing their potential for 

statistical validity (Pucci et al., 2021). 

Zebrafish has wide tolerance regarding its maintenance (Daroczi et al., 2006) 

and transportation, and considering that embryos do not require sterile 

condition, they are better suited for radiobiological studies at non-hospital 

research radiation sources.  

Embryos development is ex utero and extremely rapid: all major organs and 

tissues - for the majority comparable in position and function to those of 

humans - are fully developed within 48 hours post fertilization (hpf) (Chang 

and Hwang, 2011), and this allows to carry out a very detailed post-treatment 

phenotypic analysis in a very small time window. In addition, embryos are 

completely transparent until 72 hpf, and this makes it possible to study their 

development and possible alterations in real-time, as well as the possibility to 

make xenograft tumor model of patient-derived primary cells or immortalized 

laboratory cell lines by microinjection at early stages (zebrafish patient-

derived xenograft, zPDX) (Chen et al., 2021).  

There are different methods for establishing a cancer model in zebrafish: 

1) the carcinogenic treatment, by inducing different gene mutations or 

activating signalling pathways through the use of chemicals; 

2) the transplantation of mammalian tumor cells, that is possible because the 

immature adaptive immune system of zebrafish embryos accepts the 

transplantation of human cancer cells with no need for 

immunosuppression (Trede et al., 2004); 

3) transgenic technology, leading to the formation of specific tumor types by 

the reverse genetic approaches, to create a loss-of-function phenotype or 

to transfer genes found mutated in human cancer patients into the fish.  

In each of these cases, these models can also provide valuable information on 

the molecular biology of tumours and personalized RT protocols for cancer 

patients (Costa et al., 2020). 

During organogenesis, zebrafish embryos are freely permeable to water, 

electrolytes, and a range of cryoprotectants such as methanol, DMSO, 

ethylene glycol and propane-1,2-diol, some drugs, small molecules as well as 

peptides and dyes, so providing easy access for compounds administration, 
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that can be directly administered into the fish water, and vital dye staining 

(Rawson et al., 2000; Kari et al., 2007).  

As can be imagined, embryogenesis is the most radiosensitive stage of the 

vertebrate life cycle due to rapid cell division (Hwang et al., 2007), and the 

aqueous environment in which the embryos develop promotes homogeneous 

distribution of the irradiation dose. 

With an irradiation size of about 1 mm, between the surface cell layer and 

subcutaneous tumours or normal tissue organs, zebrafish embryos could be 

used to study the RBE parameter and for detailed investigations on the RBE–

LET relationship, both for low- and high-LET radiation types, in association 

or not with radiomodifying compounds (Pucci et al., 2021). 

Last but not least there are, as the radiobiology literature has already widely 

described, materials and methods suitable to irradiate zebrafish embryos, such 

as configuration set up of irradiation in suitable supports, by the description 

of beam simulation studies, as well as methods to analyze IR induced toxicity, 

through the qualitative identification of specific embryos alterations and their 

quantification using dedicated scoring scales (Szabó et al., 2016; Szabó et al., 

2018; Brunner et al., 2020). 

Despite the aforementioned benefits, it must be remembered that the zebrafish 

model has certain disadvantages. Specifically, it is missing of some 

equivalent mammalian organs, such as lung, prostate, skin, and breasts gland. 

Therefore, the use of the zebrafish system, widely validated for some 

pathological conditions, is not able to replace classic mammalian testing 

systems; so, it can certainly precede and complement them as a first step 

towards the discovery of innovative and personalized treatments. However, it 

follows that zebrafish embryos provide a rapid and simple system to screen 

novel agents to be used as radiomodifiers. 
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AIMS 

 

Pre-clinical models are a fundamental component in the field of 

radiobiological research. In this thesis we describe the use of zebrafish (Danio 

rerio) embryos as a model for the in vivo characterization of the biological 

effects induced by different types of beams, such as photons or protons, upon 

variation of specific radiobiological parameters, in combination or not with 

curcumin as a radiomodifying agent. The main purpose was to test the effects 

of curcumin as radioprotector for normal tissues in a sensitive model such as 

zebrafish embryos, in order to suggest this natural compound administration 

in association with IR, to improve the radiobiological performance of RT 

treatment, rendering it more effective and less toxic. 

Starting from what has already been described in the literature, we defined 

the experimental setup for a reproducible irradiation of this model, both with 

photon or proton beams, which describe different penetration profiles into the 

tissues and require dedicated simulations. Furthermore, we defined the 

multiparametric embryo-larval workflow to analyze the toxic effects related 

to curcumin treatment. The aim of a combined treatment with RT is to reach 

greater biological effectiveness with the lowest compound concentration and 

dose irradiation, to maximize the RT efficacy and/or to reduce the toxic effect 

on the surrounding healthy tissues. Thus, focusing our studies on healthy 

tissue reactions, we firstly determined the in vivo specific thresholds of non-

lethal and non-toxic curcumin concentrations to be used for the subsequent 

combined treatment. Afterwards, the embryos were subjected to increasing 

doses of IR in order to define lethality ranges and typical development 

alterations associated with the dose escalation. Finally, we determined the in 

vivo role of curcumin as a radiation modifying agent, describing changes in 

development alterations in response to combinations of curcumin, at two 

interesting concentrations, and increasing doses of IR. Thus, single or 

combined treatments of significant interest were explored at a molecular 

level. 

Overall, our attention was focused on the curcumin pre-treatment ability to 

protect the zebrafish embryos from morphological and physiological 
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alterations or death, due to the IR treatment, identifying the molecular 

mechanism underlying these biological effects. 
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MATERIALS AND METHODS 

 

1. Zebrafish care 

Adult wild-type AB zebrafish (Danio rerio, 6 months old) were purchased 

from European Zebrafish Resource Center (EZRC, Karlsruhe Institute of 

Technology (KIT), Kaiserstraße 12, 76131 Karlsruhe, Germany), segregated 

by sex and housed, at a maximum density of 5 fishes/L, in the fish facility of 

the Advanced Technologies Network Center (ATeN Center, Aut. N. 06/2017-

UT 30/03/217) of the Palermo University. Fishes were housed in tanks held 

in the automatic circulating systems “Tecniplast – ZebTec ActiveBlue Stand 

Alone” (Fig. 9a), with a regulated 14-hour light/10-hour dark cycle, that 

automatically controls the following parameters: Temperature 28°C, 

Conductivity 500 ± 50 µS and pH 7,5. The system was periodically provided 

with 0,6 % Sodium Bicarbonate (Sigma Aldrich) solution and 0,6 % Instant 

Ocean salt (Aquarium systems) solution, to keep optimal the pH and 

Conductivity parameters, respectively. They were fed three times a day on a 

varied diet, with commercial dry fish food (TetraMin flakes, Tetra) 

supplemented with freshly hatched brine shrimp (Artemia nauplii, Artemia-

Hobby), according to standard procedures (Westerfield, 2007). 

 

1.1 Zebrafish breeding, embryo harvesting and maintenance 

All the experiments described in this thesis were performed exclusively on 

embryos and larvae within 5 days post fertilization (dpf), thus not subjected 

to animal experimentation rules according to European (2010/63/UE) and 

Italian (D. lgs. 26/2014) directives. 

Adult wild-type AB zebrafish (1 female and 1 male, or 2 females and 2 males) 

were mated in breeding tanks (Fig. 9b) in the late afternoon (06.30 p.m.), 

separated by a barrier which will be removed the following morning (09.00 

a.m.) at the beginning of the light period (Abdelkader et al. 2013).  Seeded 

embryos will be released in the bottom part of the tanks, protected by a 

horizontal dividing grid, which separates them from adult fishes, to prevent 

them from being devoured. After fertilization, viable normal dividing 

spherical eggs were washed with 0,1% methylene blue solution, sorted under 

a stereomicroscope (LEICA MDG41-M80), transferred to a 10 cm Petri 
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dishes containing 5 ml of E3 embryo medium (5 mM NaCl, 0,17 mM KCl, 

0,33 mM CaCl2, 0,33 mM MgSO4, 0,1% methylene blue) and maintained 

under normoxic conditions at 28°C in the incubator (Fratelli Galli, Control 

AG-System, G-2100). Embryos were categorized according to hours post-

fertilization (hpf), dpf, and morphological characteristics (Kimmel et al. 

1995). 

 

 

Fig. 9 a, b (a) Automatic circulating systems “Tecniplast – ZebTec ActiveBlue Stand 

Alone”. (b) Breeding tanks, with the male on the left and the female on the right. 

 

1.2 Embryo treatment  

Experiments were performed on viable, normal and synchronous embryos. 

For each type of treatment that will be described, they were sorted 1 

embryo/well of a standard 96-well polystyrene microplate (SPL life sciences) 

in 200 µl E3 medium at the gastrula stage (5.25 hpf) and kept under normoxic 

conditions at 28°C. The E3 medium was changed daily to avoid 

contamination and infections spread. 

 

2. Curcumin preparation, treatment, and detection 

A 10 mM curcumin stock solution was prepared by dissolving the powder 

(Merck, Charge/Lot: S4395254-636) in DMSO (Euroclone, EMR031100, 

Purity: 99.5%). Then, the final concentration treatment solutions (1, 2.5, 5, 

7.5 and 10 μM) were properly diluted in embryo medium (E3) and subjected 

to sonication (TRANSSONIC T310, Elma – Ultrasonic power effective 

approx.: 35W) for 3 minutes in order to facilitate its solubilisation.  

Curcumin treatment started at 6 hpf, the so-called “Shield” stage (when the 

maternal-to-zygotic transition of gene expression is almost complete) (Stehr 
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et al., 2006; McCollum et al., 2011), and it was administered until 120 hpf 

(15-20 embryos each, in triplicate). Given the short half-life of curcumin (8 

hours in the human organism at 37° C) (Jäger et al., 2014), it was chosen to 

replenish the compound concentration by administration of fresh curcumin-

containing medium twice a day (10-14 hours apart, at 08:00 a.m. and 06:00 

p.m., respectively).  

Treated embryos were compared with the untreated group and with embryos 

treated with the volume of DMSO, corresponding to the initial volume used 

to treat embryos with the highest concentration of curcumin (final 

concentration of 0.1%). 

Taking advantage of the curcumin fluorescent property (Jheng-Yu et al., 

2007; Shiau et al., 2011), it was possible to monitor its absorption and 

accumulation in the embryos body by microscope observations. Embryos 

were incubated at 6, 9 and 22 hpf with 0, 1, 2.5, 5, 7.5 and 10 μM curcumin 

(12 embryos each, in triplicate), and each condition group was observed at 24 

hpf using a fluorescence stereomicroscope (Multidimensional Fluorescence 

Stereomicroscope Leica M205 FA, with Leica DFC 550 camera using Leica 

LAS X Software), in order to evaluate the fluorescence intensity variations at 

increasing curcumin concentrations.  

In addition, to evaluate the signal saturation, 6 hpf embryos were treated with 

5 μM curcumin (12 embryos, in triplicate) and, every 30 minutes, 

fluorescence images were acquired, up to saturation time. Finally, to evaluate 

the signal decay, embryos were treated with 5 μM curcumin (12 embryos, in 

triplicate) at 6, 9 and 22 hpf. At 24 hpf, embryos were washed three times in 

E3, 5 min each, at room temperature (rt). After the last wash the acquisitions 

started and carried out every 30 minutes, until the complete loss of the 

fluorescence signal. In both procedures, a parallel set of untreated 

synchronous embryos were used as a control and for baseline fluorescence 

evaluation. 

 

3. Radiation setting and treatment 

IR treatment (X-rays or protons) was performed at 24 hpf, at rt.  

Thanks to the collaboration with the Medical Physics and Radiation 

Oncology Department, ARNAS-Civico Hospital (Palermo), the Siemens 
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Primus clinical linear accelerator (Siemens Medical Systems, Concord, CA, 

USA), which emits photon rays of 6 MV nominal energy, was used to 

irradiate with X rays. The Linac has been calibrated according to the reference 

conditions defined by the International Atomic Energy Agency Technical 

Reports Series No. 398 "Determination of absorbed dose in external beam 

radiotherapy" (Technical Reports Series No. 398, IAEA, Vienna, 2000). 

Irradiation set up and dose distribution were determined using the Pinnacle 

treatment planning system (Philips Medical Systems). X-rays treatment was 

performed using doses of 2, 4, 6, 8, 10, 15 Gy (12-20 embryos each, in 

quadruplicate), at a dose rate of 200 MU/min. The plates, surrounded by bolus 

bags (15cm x 15cm x 1.5 cm), were positioned between polymethyl 

methacrylate (PMMA) and CORK slabs, to avoid the sparing effect and to 

assure an homogeneous radiation exposure (Fig. 10). The isocenter was 

positioned in the plates geometrical centre.  

 

 

Fig. 10 On the left the Siemens Primus clinical linear accelerator (Siemens Medical 

Systems, Concord, CA, USA), from the Medical Physics and Radiation Oncology 

Department, ARNAS-Civico Hospital (Palermo). On the right the irradiation set up, from the 

plates positioning - between the slabs - until the setting of the dosimetric parameters. 

 

One proton irradiation experiment was also performed, using the same range 

of doses (10 embryos each), after a specific beam time request at the 

Protontherapy Center, Trento Hospital (Trento), during the PhD visiting 

period there. The beam has diameter 6x6 cm, with a uniformity ±10%, and a 

nominal energy of 148 MeV. Irradiation was performed using a dose rate of 

2 Gy/min, positioning the target at the middle of SOBP. Due to the beam 

diameter, each 96-well plates were filled by 1 embryo/well (in 100 μl E3) for 
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only 30 wells, as a 6 x 5 rectangle in the center of the plate. In addition, 

considering the horizontal beam orientation, the plate surface has been 

covered with an adhesive film (Applied Biosystems™ MicroAmp™ Optical 

Adhesive Film), to avoid the possible E3 dispersion due to the vertical 

positioning of the plate in a dedicated holder (Fig. 11). 

 

 

Fig. 11 Vertical positioning of the 96-well, in a dedicated holder, due to the horizontal 

beam at the Protontherapy Center, Trento Hospital (Trento). 

 

4. Combined treatment 

6 hpf embryos were treated with 2.5 and 5 μM curcumin (12-20 embryos 

each, in triplicate). After 18 hours pre-treatment, the same embryos (24 hpf) 

were subjected to X-rays using the doses of 2, 4, 8, 10 and 15 Gy. After IR 

treatment, the E3 medium was changed, and the day after all the analysis 

started. The same protocol was followed for the first, preliminary, combined 

proton-curcumin treatment (10 embryos each). 

 

5. Experimental workflow for post-treatment toxicological analysis 

We devised, in line with what is described in the literature, a multiparametric 

embryo-larval experimental workflow to evaluate the post-treatment 

developmental toxicity. The procedure involves the steps described in the 

figure below, closely related to key time points during embryogenesis (Fig. 

12). 
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Fig. 12 Diagrammatic representation of the experimental assays employed in the studies 

described in this PhD project. 

 

5.1 Survival and morphology assessments 

The assessment of mortality, confirmed by the absence of blood circulation 

or spontaneous movements within the chorion, started at 24 hpf and was 

evaluated every 24 hours up to 120 hpf. Survival was calculated as a 

percentage of viable embryos to the total number of embryos exposed to each 

treatment group over time (Wan-Mohtar et al., 2022). 

The search for typical toxicity induced morphological alterations, such as 

microphthalmia, Spinal Curvature (SC), Pericardial Edema (PE) and the 

inhibition of yolk sac resorption (Yolk Malabsorption, YM), started at 48 hpf, 

when there is completion of rapid morphogenesis of primary organ systems, 

cartilage development in head and pectoral fin, and continued every 24 hours 

up to 120 hpf (Kimmel et al., 1995). Morphology was visually assessed by 

microscopy and photo-documented every day (Stereomicroscope Leica M205 

FA, with Leica DFC 550 camera, using Leica LAS X Software), after 

anaesthesia with 0.05% (50 mg/L) Tricaine (3-aminobenzoic acid ethyl ester) 

(MS-222 Sigma-Aldrich, CAS no: 886-86-2). Embryo length (from the head 

tip to the spine end), head and eye length, PE and yolk diameter were properly 

measured using the image processing program ImageJ 

(imagej.nih.gov/ij/index.html) (Fig. 13) and were quantified respect to the 

number of living embryos, in accordance with Brunner et al., 2020. The PE 

diameter values were used to calculate the Protection Rate (PR) parameter at 

10 Gy, by using the formula: [1-(PE measurement in combined treatment/PE 

measurement in IR treatment) x 100]. Moreover, the PE diameter values were 
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used for the RBE calculation at 10 Gy, similarly to Brunner et al., 2020. In 

particular, the RBE formula applied was: PE diameter after IR dose photons 

/ PE diameter after the same IR dose protons.  

 

 

Fig. 13 Specific distances considered for the measurement of morphometric parameters: 

body length in black, yolk sac diameter in blue, eye length in yellow and PE diameter in red. 

Head lenght measurement not shown. 

 

5.2 Heart rate evaluation 

Despite heart contraction beginning approximately at 24 hpf, heart rate 

evaluation was evaluated at 72 hpf, when the heart is fully formed and a 

regular heartbeat is observed (Vogel and Weinstein, 2000). Firstly, embryos 

were put outside the incubator for 20 minutes, to get them used to the rt. Then, 

they were treated for 20 minutes with 0.05% Tricaine in E3 medium, to 

prevent movement during the subsequent live acquisitions. Finally, they were 

placed laterally on a glass slide, each one within a drop of E3, and subjected 

to 1 minute video capture (Leica DMi8, with Leica DFC365 FX camera, using 

Leica LAS X Software) for the subsequent manual count of the heart beats 

(Fig. 14). For each experimental condition, 3 videos from different embryos 

were acquired and manual count was carried out twice by 2 different 

operators. Mean and Standard Deviation (SD) of the values obtained were 

calculated for each experimental condition under analysis (Xia et al., 2018). 
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Fig. 14 Diagrammatic representation of the experimental workflow for the heart rate 

evaluation, from embryos acclimatization to the heart beats video capture. 

 

5.3 Hatching rate 

Although embryo hatching occurs asynchronously from 48 to 72 hpf, early 

hatching fish larvae are not more developmentally advanced than those 

remaining in their chorion. Consequently, the hatching time is not always 

useful as an index of delayed staging due to a treatment (Kimmel et al. 1995).  

However, the Hatching Rate (HR) was evaluated, at 48 and 72 hpf, in order 

to deepen the role of this parameter in response to curcumin or IR or both. 

Hatched embryos percentage was calculated respect to the total number of 

normal or incubated embryos x 100 (Samaee et al., 2015). 

 

5.4 Behavioural analysis 

Although during the hatching period the embryo is usually at rest, the early 

larvae gradually begin to actively swim and produce swift escape responses 

to seek of prey and feeding (Kimmel et al., 1995). For this reason, the 

evaluation of behavioural changes starts just before 120 hpf. 

Alive 118 hpf-larvae were selected and transferred one larva per well in a 96 

well-plate in 200 μl of fresh E3 medium.  

Firstly, at least 3 larvae for experimental conditions were subjected to the 

Touch response test analysis (Saint-Amant and Drapeau, 1998), in order to 

detect qualitatively the individual’s reaction to the stimulus, since in its 

absence the animals remain immobile. Briefly, after the 1-minute interval for 

acclimatation, a needle stimulus was given and the time of response or the 

type of movement were observed and video-documented. 

Secondly, after an half-hour acclimatization in the incubator, the larvae were 

positioned inside the ZebraBox observation chamber (ViewPoint Behavior 

Technologies, https://www.viewpoint.fr/) equipped with infrared camera. 

Viewpoint instrument offers the possibility to track the animal activity 
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through two solutions, a general activity based on pixel changes and a gravity 

center tracking of each animal, frame to frame, thus leading to a very high 

accuracy. 

After 15 minutes of acclimation into the chamber, the movement of each 

zebrafish larva (10-12 for each condition, in triplicate) was recorded for 30 

minutes. The parameters were set up as follows: 

 

o Colour: black 

o Detection threshold: 15 

o Movement threshold: Inact/Small = 4 mm/sec. Small/Large = 8 mm/sec 

o Time bin: 60 sec 

o Light: 50%. 

 

The video was analysed with the appropriate movement tracking software 

ViewPoint® ZebraLab Tracking Mode (ViewPoint® Behavior Technologies 

- version 3.22.3.89). The raw data and the global path images were processed 

with ViewPoint® FastData Manager (version 2.4.0.2510), in order to 

evaluate three parameters: 1) average speed (smlspeed), 2) small distance 

(smldist) and 3) large distance (lardist) (Fig. 15). Then, these multiple 

parameters describe the movement of each larva by the evaluation of the 

average speed maintained for the selected time period (smlspeed), as well as 

the route type, i.e. short routes through small movements (smldist), or long 

routes through large movements (lardist). 

 

 

Fig. 15 Diagrammatic representation of the experimental workflow for the behavioural 

analysis with ViewPoint® Behavior Technologies (https://www.viewpoint.fr).  
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6. Molecular analysis 

6.1 Total RNA extraction and reverse-transcription reaction 

Total RNA was isolated, for each experimental condition of interest (5 µM 

curcumin, 10 Gy and 10 Gy + 5 µM curcumin), from 15-25 embryos at 48 

hpf, according to the protocol Purification of Total RNA from Animal Cells 

using Spin Technology of the RNeasy Mini Kit (Qiagen). Before starting, 

embryos were manually dechorionated and deyolked with Deyolking Buffer 

(55 mM NaCl, 1,8 mM KCl, 1,25 mM NaHCO3). 

Each sample was quantified and evaluated (A260/280 and A260/230) by 

using a spectrophotometer (Thermo Scientific NanoDrop One), with a yield 

of 10-15 μg of total RNA for each sample. RNA quality was also checked by 

1.5% agarose gel electrophoresis. 

For the cDNA synthesis, reverse-transcription reactions were carried out 

following the indications of the High-capacity cDNA Reverse Transcription 

kit (Applied Biosystems). For each sample, the cDNA was synthesized 

starting from 1 μg of total RNA in reactions of 20 μl. The thermal profile was 

set up as recommended by the kit: 

 

o 25°C 10’ 

o 37°C 120’ 

o 85°C 5’ 

o 4°C ∞. 

 

6.2 Primer design 

Genes of interest were selected for their involvement in oxidative or 

inflammatory pathways (Table n. 1), whereas the Ribosomal protein L13 

(rpl13) was used as reference gene.   
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Table n. 1 List of tested targets of interest, classified by pathway to which they belong. 

 

Information about their gene expression profile was retrieved from ZFIN 

(https://zfin.org/action/expression/search). Then, NCBI 

(http://www.ncbi.nlm.nih.gov/Genbank) and Ensembl 

(http://www.ensembl.org/Danio_rerio) searches in public sequence databases 

were performed to identify exons sequences for each selected gene. Primers 

were designed using the Oligo Explorer Software (version 1.1.2) and further 

validated on the Oligo Analyzer software (version 1.0.3) to have the following 

parameters: 

 

o Primer length: 18-22 mer 

o Melting temperature: 62°C 

o PCR product length: about 150 bp 

o ΔG for possible secondary structures: close to 0 kcal/mol. 

 

Each primer sequence was finally checked on the zebrafish genomic reference 

sequences using Primer Blast (https://www.ncbi.nlm.nih.gov/tools/primer-
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blast/) to exclude non-specific amplification. The respective primer pairs 

sequences for each gene considered are listed in Appendix A. 

 

6.3 Real time quantitative PCR (qPCR) 

The cDNA samples were subjected to relative qPCR to compare the 

expression levels of genes of interest under the various experimental 

conditions, respect to untreated embryos used as reference. The total reaction 

volume was 20 μl, with the following specifications: 10 ng cDNA, 0.2 µM 

Primer FW/RW, 10 µl 5X Fast SYBR® Green (Applied Biosystems). The 

thermal profile was set up as default: 

 

o Stage 1, Reps:1    95°C 20’’ 

o Stage 2, Reps:40    95°C 03’’ - 60°C 30’’ 

o Stage 3, Reps:1    95°C 15’’ - 60°C 1’ - 95°C 15’’. 

 

Each reaction was performed in triplicate in StepOnePlus™ Real-Time PCR 

System, 96 well Thermal Cycler (Applied Biosystem). ROX dye was used as 

passive reference and a Non-Template Control (NTC) was added for each 

primers pair. 

At the end of the Real-Time PCR reaction (Stage 3), a dissociation curve 

analysis was performed to confirm the PCR amplicons homogeneity.  

 

7. Statistical analysis 

Statistical data assessment was performed using GraphPad Instat (Version 

3.05).  

Differences between observed and expected distributions between two groups 

of values were evaluated by using a contingency table (two rows, two 

columns) and a Fisher’s exact test, to calculate the p value (p) and the Odds 

ratio (OR) with 95% Confidence interval (CI). This approach was used for 

the significance evaluation of malformation rates (%) at 120 hpf, in pre-

treated embryos vs the only irradiated ones for each dose (2-10 Gy), and to 

compare the SC or PE incidence at 96 hpf in pre-treated embryos vs the only 

irradiated ones for each dose (10-15 Gy).  
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On the other hand, one-way analysis of variance (ANOVA) was used to 

analyse if variation among variables means is significantly greater than 

expected by chance. In particular, it was applied to evaluate means of the 

morphometric parameter PE, obtained for pre-treated embryos vs the only 

irradiated ones, at 72 and 96 hpf for each dose used (10-15 Gy).  

Overall, statistical significance was defined at p ≤ 0,05. 
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RESULTS 

 

1. Curcumin treatment 

Curcumin (cur) auto-fluorescence was evaluated at 24 hpf for all treatment 

conditions. This allowed to confirm the molecule absorption by embryos and 

to evaluate quantitative differences between the various concentrations used, 

through the measurement of emitted fluorescence intensity. As shown in Fig. 

16, fluorescence signal started to be observed from 2.5 µM curcumin, 

becoming evident at 5 µM concentration. Signal intensity occurred in a dose-

dependent manner, and no background fluorescence was detected in curcumin 

solutions, suggesting that most of the compound decomposed in the E3 

aqueous solution (Wu et al., 2007).  

Considering the prevalent area of the fluorescence signal, curcumin would 

appear to accumulate in the yolk sac. 

The fluorescence saturation and decay time showed, respectively, a time 

window of 5 and 6 hours. 

 

 

Fig. 16 Accumulation of curcumin (1-10 µM) in 24 hpf zebrafish embryos. Pictures were 

taken in light field and in fluorescence field. 

 

Embryos were observed every 24 hours until the 120 hpf stage, evaluating the 

survival rate and phenotypic changes; data presented as the mean of 3 

experiments are summarised in Fig.17-20.  
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Curcumin exposure, twice a day for 5 days, inflicted gross malformations in 

a dose-dependent manner from 5 μM onwards, being 100% lethal at 

concentrations of 7.5 and 10 μM at 72 and 48 hpf, respectively. For the 

remaining concentrations, a lower mortality of 31%, 26% and 46% was 

detected at 120 hpf for embryos exposed to 1, 2.5 and 5 μM, respectively, 

versus (vs) a 30% baseline mortality observed in the control embryos (Fig. 

17). 

The number of embryos showing one or more morphological abnormalities 

appears to be prevalent from 5 μM onwards, with values ranging from 12% 

to 47% at 24 and 120 hpf, respectively, against less than 1% baseline 

alterations observed in the control embryos (Fig. 17).  

 

 

Fig. 17 Normal (green bar), dead (black bar) and abnormal (red bar) embryos rates in 

developing zebrafish embryos exposed to 0, 1, 2.5, 5, 7.5 and 10 μM of curcumin. Data are 

presented as the mean of 3 experiments. Error bar = ± SD. 

 

Among the main alterations under analysis (within the fraction of the 

malformed embryos), SC prevailed; it appeared since 24 hpf in embryos 

treated with 5 μM and the number of affected specimens increased up to 72% 

at 120 hpf. Fewer embryos appeared to be affected by exposure to lower 

concentrations of 1 and 2.5 μM curcumin from 48 hpf, with a maximum 

incidence of 66% at 120 hpf. PE, the alteration most incompatible with 

embryonic survival was also observed, with an incidence of 40% already 
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appearing at 48 hpf with 5 μM curcumin. A lower degree of Pigmentation 

(PIGM) as well as cases of developmental delay – related to YM - were also 

found in samples treated with 5 μM curcumin, starting from 48 hpf and 24 

hpf, respectively (Fig. 18-19).  

 

 

Fig. 18 Distribution (%) of the main malformations observed in malformed developing 

zebrafish embryos exposed to the experimental concentrations of curcumin: SC (blue bar), 

PE (orange bar), YM (gray bar), PIGM (yellow bar). Data are presented as the mean of 3 

experiments. 
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Fig. 19 Representative images of the main malformations observed after treatment with 5 

μM curcumin, such as YM (from 24 hpf), SC (from 24 hpf), PE (from 72 hpf), PIGM (from 

48 hpf). Pictures were taken in light field. 

 

The hatching rate analysis showed that the treatment with 5 μM curcumin, 

compared to untreated controls, led to a delay of the phenomenon at 48 hpf 

(37,5% vs 93%), which was then recovered at 72 hpf. 

The behavioural analysis was performed at 120 hpf, through the use of the 

touch-evoked escape response assay. For concentrations ≤ 2.5 μM the 

response was similar to controls, while it was clearly reduced for embryos 

treated with 5 μM curcumin, probably due to the severity of morphological 

abnormalities, such as SC. This analysis, further improved using the 

ZebraBox platform (ViewPoint Behaviour Technology), showed that 

curcumin did not induce significant alterations in the locomotor activity of 

treated embryos compared to controls, in particular regarding the mean 

velocity (smlspeed) parameter, according to literature (Bertoncello et al., 

2018) (Fig. 20). 

 

 

Fig. 20 Curcumin treated 120-hpf larvae smlspeed during a 30 minutes assay. Data are 

reported as the mean of 10-12 120 hpf-larvae per experiment. Raw data were processed with 

ViewPoint® FastData Manager (version 2.4.0.2510) and the charts drawn with Microsoft 

Excel 2016. Y axis: mm/sec. Error bar = ± SD. 

 

The observation of blood circulation, as well as the manual evaluation of the 

heart-beating rate, did not reveal any dysfunction in treated embryos 

compared to controls. Only a slight increase (1%) in heart-beating rate was 

observed, at 72 hpf, with 2.5 and 5 μM curcumin. 

 

2. Irradiation treatment with conventional X-rays 

Daily assessment of irradiated embryo viability, morphological alterations 

and behavioural defects showed a correlation with the radiation dose. Data 
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presented are the mean of 4 experiments, and they are summarised in Fig.21-

23.  

IR treatment led to a very low mortality for embryos exposed from 2 to 15 

Gy X-rays than the untreated ones, but inflicted malformations in a dose-

dependent manner. Gross alterations were observed from 8 Gy onwards with 

incidences of 50% and 82% in 15 Gy treated embryos at 48 and 120 hpf, 

respectively, vs a 3% baseline of malformations incidence in the controls 

(Fig. 21).  

 

 

Fig. 21 Normal (green bar), dead (black bar) and abnormal (red bar) embryos rates of 

developing zebrafish embryos exposed to the doses of 0, 2, 4, 6, 8, 10, 15 Gy of X-rays. Data 

are presented as the mean of 4 experiments. Error bar = ± SD. 

 

Within the fraction of malformed embryos, PE prevailed for the higher doses. 

It appeared since 48 hpf in embryos treated with the doses of 10 and 15 Gy 

(with an incidence of 10 and 25%, respectively), or since 72 hpf in embryos 

treated with lower doses, with a final percentage of affected specimens of 

62% and 98% in embryos treated with the doses of 10 and 15 Gy, 

respectively, at 120 hpf. By contrast, fewer embryos appeared to be affected 

by exposure to lower doses than 8 Gy, with a maximum of 18% with 2 Gy at 

120 hpf. SC was also observed, starting at 48 hpf in embryos treated with 8, 

10 and 15 Gy (16%, 38% and 49%, respectively) or at 72 hpf using lower 
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doses. YM and PIGM were also found starting from the 2 Gy dose, already 

at 48 hpf (Fig. 22). 

 

 

Fig. 22 Distribution (%) of the main malformations observed in malformed developing 

zebrafish embryos exposed to the experimental doses of 0, 2, 4, 6, 8 and 15 Gy of X-rays:  SC 

(blue bar), PE (orange bar), YM (gray bar), PIGM (yellow bar). Data are presented as the 

mean of 4 experiments. 

 

The hatching rate analysis showed that the IR treatment delayed this 

phenomenon, in comparison to untreated controls, in a dose-dependent 

manner. Indeed, at 48 hpf the rate of hatched embryos was 86% and 39% for 

2 and 15 Gy, respectively, vs 100% in controls. This delay was recovered at 

72 hpf for doses lower than 6 Gy, but not for specimens treated with 8-15 Gy 

of IR, which conserved a certain rate of developmental delay even after 72 

hpf.  

The behavioural analysis of 120 hpf larvae, performed using the touch-evoked 

escape response assay, showed that the response was similar to controls for 

doses ≤ 8 Gy, while it was clearly reduced for embryos treated with 10 and 

15 Gy. This analysis, further improved using the ZebraBox platform 

(ViewPoint Behaviour Technology), showed that IR treatment did not induce 

significant alterations in the locomotor activity of IR treated embryos, 

compared to controls, specifically on the mean velocity (smlspeed) parameter 

(Fig. 23). Instead, a difference was observed in the type of travelled distance 

(dist) parameter, specifically in the small (smldist) and large (lardist) 

distance, associated to short or long routes, respectively. Indeed, the irradiated 
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embryos prefer to cross small distance than large ones, respect to the controls. 

For the dose range of  2-10 Gy it was observed an increase in the smldist 

values ranging from + 30,25 to + 150,86 mm, and a reduction in the lardist 

values, ranging from - 0,1 to - 7,12 mm. 

 

 

Fig. 23 IR treated 120 hpf -larvae smlspeed during a 30 minutes assay. Data are reported 

as the mean of 10-12 120 hpf-larvae per experiment. Raw data were processed with 

ViewPoint® FastData Manager (version 2.4.0.2510) and the charts drawn with Microsoft 

Excel 2016. Error bar = ± SD. 

 

The observation of blood circulation, as well as the manual evaluation of the 

heart-beating rate, revealed a small decrease (in the range from - 6% to - 

22%), in a dose-dependent manner, in treated embryos compared to controls. 

Unexpectedly, a slight increase was observed at 15 Gy (+ 9,8%). 

 

3. Curcumin-X rays combined treatment 

Based on the results obtained with the curcumin treatment, the non-toxic 

concentrations of 2.5 and 5 µM were chosen to test the role of curcumin pre-

treatment in combination with the 0-15 Gy range of an IR conventional X-

rays treatment. Data presented are the mean of 3 experiments, and they are 

summarised in Fig. 24-32.  

Irradiated embryos viability was not significantly affected by the 18 hours 

pre-treatment with 2.5 and 5 µM curcumin, respect to the controls; this was 

expected, considering the low mortality given by radiation treatment alone in 

the selected dose range. 

Instead, pronounced protective effects were found in the percentage of 

malformed embryos, after combined treatments using both the chosen 

curcumin concentrations, respect to the only irradiated embryos. Notably, this 

effect is visible in the 2-10 Gy range, and it is greater for the higher 
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concentration of curcumin (5 μM). Specifically, at 120 hpf, the 5 μM 

curcumin pre-treatment led to a reduction of malformations percentages 

respect to those of IR treatment alone, as following reported for each dose: 

- 2 Gy: 22% vs 41% (p: 0,0017; OR: 0,3577; 95% CI: 0,1880 to 0,6808); 

- 4 Gy: 35% vs 49% (p: 0,2255; OR: 0,6687; 95% CI: 0,3678 to 1,216); 

- 8 Gy: 52% vs 63% (p: 0,0057; OR: 0,4127; 95% CI: 0,2198 to 0,7749); 

- 10 Gy: 66% vs 87% (p: 0,0002; OR: 0,2093; 95% CI: 0,08982 to 0,4876). 

Instead, at the highest dose of 15 Gy a slight protective effect is exerted up to 

96 hpf (87% vs 91%) (p: 0,0658; OR: 0,3187; 95% CI: 0,09897 to 1,026), 

which disappear at 120 hpf (Fig. 24, Appendix B). 

 

 

Fig. 24 Normal (green bar), dead (black bar) and abnormal (red bar) embryos rates of 

developing zebrafish embryos exposed to a combination of curcumin pre-treatment with 

concentrations of 2.5 or 5 M, followed by irradiation with 0, 2, 4, 8, 10 or 15 Gy of X-rays. 

Data are presented as the mean of 3 experiments. Error bar = ± SD. 

 

The most important morphological abnormalities, PE and SC, prevailed for 

the higher doses (10 and 15 Gy), and in both experimental conditions their 

incidence decreases up to 96 hpf, in the presence of curcumin pre-treatment 

and in a dose-dependent manner. In detail, the incidence of SC at 96 hpf was 

55% and 56% in samples treated with 10 and 15 Gy, respectively, vs 40% and 

42% for the 5 µM pre-treated embryos for the same IR doses (10 Gy: p: 
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0,0472; OR: 0,5455; 95% CI: 0,3111 to 0,9565. 15 Gy: p: 0,0657; OR: 

0,5690; 95% CI: 0,3250 to 0,9962). The same trend is observable at the same 

time point for the PE, as its incidence was 48% and 70% in samples treated 

with 10 and 15 Gy respectively, vs 25% and 48% in the presence of 5 µM 

curcumin pre-treatment (10 Gy: p: 0,0012; OR: 0,3611; 95% CI: 0,1984 to 

0,6574. 15 Gy: p: 0,0024; OR: 0,3956; 95% CI: 0,2214 to 0,7069). 

Furthermore, despite the low incidence of these serious malformations at 

lower doses, the protective effect of curcumin was also confirmed with lower 

doses of IR. Indeed, the PE incidence at 96 hpf in 4 Gy treated embryos was 

of 11% vs 0% in the combined treated group with 2.5 and 5 M curcumin, 

whereas it was 14.6% in 8 Gy treated specimens vs 0.06% and 0% in the 

combined treated group with 2.5 and 5 M curcumin (Fig. 25-26 a, Appendix 

B.1). 

 

 

Fig. 25 Distribution (%) of the main malformations observed in malformed developing 

zebrafish embryos exposed to a combination of curcumin pre-treatment with concentrations 

of 2.5 or 5 M, followed by irradiation with 0, 2, 4, 8, 10 or 15 Gy of X-rays: SC (blue bar), 

PE (orange bar), YM (gray bar), PIGM (yellow bar). Data are presented as the mean of 3 

experiments. 
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Noteworthy and mainly noticed for the higher radiation doses, the degree of 

phenotype severity of a certain malformation observed per each IR dose, was 

generally reduced in embryos pre-treated with curcumin respect to the IR 

treamtent alone (Fig. 26 b). 

 

 

Fig. 26 a, b. Representative images of the main malformations (PE, SC, YM) observed, at 

120 hpf, after treatment with 10 Gy (a) or 15 Gy (b) alone or combined with both 2.5 and 5 

M curcumin concentration, vs controls.  

 

In particular, the evaluation of morphometric parameters at 72 and 96 hpf, 

such as body length, yolk sac diameter, eye length and head length, confirmed 

- at different extent - the protective effect exerted by the curcumin pre-

treatment for higher doses of radiation (10 and 15 Gy) (Fig. 27 a, b). 
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 a. 

 b. 

Fig. 27 a, b 72 (a) and 96 (b) hpf measurement (mm) of morphological parameters (body 

length, yolk sac diameter, eye length and head length) after 10 and 15 Gy of IR treatment, 

with or without curcumin 2.5 and 5 µM pre-treatment. Error bar = ± SD. 

 

Even more interesting, the PE measurement, for the same treatments at the 

same time points, showed values of 0,14 and 0,15 mm at 72 hpf with 10 and 

15 Gy, and 0,16 and 0,20 mm at 96 hpf with the same doses, respectively. 

Instead, in pre-treated embryos with 2.5 or 5 µM curcumin, the 72-hpf PE 

values were 0,085 and 0,01 mm with the dose of 10 Gy (p: 0,0014) and 0,067 

and 0,11 mm with the dose of 15 Gy (p: 0,0127), respectively, while the 96-
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hpf PE values were 0,08 and 0,12 with the dose of 10 Gy (p: 0,0052) and 0,09 

and 0,1 with the dose of 15 Gy (p: 0,0001) (Fig. 28).  

In order to quantify the curcumin protection ability, a Protection Rate (PR) 

has been calculated as described in materials and methods and values are 

reported in Table n. 2. 

Pre-treatment with the lower curcumin concentration (2.5 µM) led to an 

higher reduction in the PE diameter, respect to those observed with the 5 M 

curcumin pre-treatrement, offering higher rates of protection, comparing the 

same time point of 72 hpf or 96 hpf, in 10 Gy irradiated embryos.  

 

 

Fig. 28 72 and 96 hpf measurement (mm) of PE parameter after 10 and 15 Gy of IR 

treatment, with or without curcumin 2.5 and 5 μM pre-treatment. Error bar = ± SD. 

 

 

Table n. 2 Protection Rate (PR) values (%), for 10 Gy dose, with both concentration of 

curcumin, at 72 and 96 hpf, respectively. 

 

In addition, the manual evaluation of the heart-beating rate at 72 hpf revealed 

a decrease in the only irradiated embryos compared to controls, from 2 to 10 

Gy (Fig. 29). Curcumin pre-treatment, at both concentrations and better with 

the lower one, seems to exercise a protective role, bringing the heartbeat 

values closer to those of the controls for the same doses. Instead, the embryos 

treated with dose of 15 Gy with or without curcumin soffer of increased 
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heartbeat, as the PE volume is more pronounced, so that the heart try to 

compensate with an increased heart frequency. 

 

 

Fig. 29 Heart rate values (bpm) of 72 hpf embryos exposed to to the experimental doses of 

0, 2, 4, 8 and 15 Gy of X-rays in combination with 2.5 or 5 M curcumin pre-treatment. Data 

are presented as the mean of 3 experiments. Error bar = ± SD. 

 

Behavioural analysis using the ZebraBox platform (ViewPoint Behaviour 

Technology) was performed at 120 hpf, on non-morphologically 

compromised larvae (0-10 Gy). The results showed that in the dose range 

under analysis there was not a significant alteration of the average speed 

(smlspeed) maintained by the treated embryos, both with IR or combined 

treatment, than the controls (Fig. 30). Furthermore, as above already reported, 

an increase in the smldist parameter and a decrease in the lardist parameter 

was observed in the only irradiated embryos than the control ones. However, 

the curcumin pre-treatment seems to correct this abnormal larvae behavior. 

For doses range 2-10 Gy a lower increase in the smldist values was observed 

in pretreated embryos respect to controls (variations from + 0,32 to + 61,19 

mm), than smldist variations previously described for the only irradiated ones. 

A parallel increase in the lardist values was also observed for doses ≥ 8 Gy 

respect to controls, with variations ranging from + 6,85 to + 10,7 mm, 

compared to what was previously observed in only irradiated embryos. 
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Fig. 30 IR and combined treated 120 hpf -larvae smlspeed during a 30 minute assay. Data 

are reported as the mean of 10-12 120 hpf-larvae per experiment. Raw data were processed 

with ViewPoint® FastData Manager (version 2.4.0.2510) and the charts drawn with 

Microsoft Excel 2016. Error bar = ± SD. 

 

Molecular analyses were focused on some targets mainly involved in 

oxidative stress and inflammation, which are tightly related to IR induced 

toxicity in normal tissue (Table n. 1). We used, for both panels, 48 hpf 

embryos, i.e. the 24 hours post radiation treatment timepoint, as used in 

previous in vitro studies already mentioned (Minafra et al, 2019). Moreover, 

a priori we have chosen to analyse the gene expression in embryos treated 

with 10 Gy and 5 M curcumin, as these could be supposed more stressful 

treatments. Fig. 31-32 shows the mRNA relative expression of the selected 

target genes in the above mentioned samples, normalized respect to untreated 

controls and using rpl13 as a endogenous gene.  

Only IR treatment led to a lowering of expression levels, with different entity, 

of all the antioxidant enzymes under analysis. Overall, the trend observed is 

similar for all the genes analysed. Indeed, the treatment with IR produced a 

decrease in the mRNA level of the antioxidant gene targets, whereas their 

levels were higher in embryos treated with 5 M curcumin. Interestingly, in 

combined treated embryos, the mRNA levels of these antioxidant genes were 

restored close to those of untreated samples. The following are the gene 

expression levels induced by combined vs IR treatment for each gene under 

study: cat 1,10 vs 0,70, sod1 1,04 vs 0,63, gpx4a 0,74 vs 0,37, gpx1a 1,08 vs 

0,81, xdh 1,13 vs 0,77, sod2 1,56 vs 0,44, gstp 1,33 vs 0,88, gstp1a 1,32 vs 

0,98, ldha 2,07 vs 0,33 and stat3 1,27 vs 0,92 (Fig. 31). 
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Fig. 31 Genes expression variation of targets involved in oxidative stress regulation, in 

embryos treated with 5 µM curcumin and 10 Gy, as single or combined treatments, analysed 

by qPCR. Reference sample (Control) =1. Error bar = ± SD. 

 

Regarding the inflammatory panel, we have chosen to analyse the gene 

expression of the main pro-inflammatory cytokines as il-1β, il-6, tnf-α, and 

il-10 as the main anti-inflammatory one.  

Interestingly, the four targets chosen showed a similar trend. Indeed, their 

expression levels were lower than that of untreated embryos (lower than 1) in 

any treatment studied. However, the combined treated embryos showed 

higher expression level of these four cytokines (fold change value of 0,93, 

0,90, 0,57 and 0,53 for il-1β, il-6, tnf-α and il-10, respectively) compared to 

that of solely IR and curcumin treated embryos (Fig. 32). 
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Fig. 32 Genes expression variation of target genes involved in inflammation, in embryos 

treated with 5 µM curcumin and 10 Gy, as single or combined treatments, analysed by qPCR. 

Reference sample (Control) =1. Error bar = ± SD. 

 

4. Curcumin-Protons combined treatment 

Daily assessment of irradiated embryo viability, morphological alterations 

and cardio-circulatory system defects showed a correlation with the radiation 

dose. Data presented derived from one preliminary experiment, and they are 

summarised in Fig. 33-37.  

Protons treatment led to a very low mortality for embryos exposed from 2 to 

15 Gy, compared to the untreated ones, with a maximum death of 9% for the 

higher doses (10 and 15 Gy) at 120 hpf. The 2.5 and 5 M curcumin pre-

tratment led to 0% dead embryos at the same time point with the same doses. 

In proton-treated embryos, malformations increased in a dose-dependent 

manner and constantly from 72 up to 120 hpf. The highest percentages of 

malformed embryos range from 75% with the 4 Gy dose to 91% with the 10 

and 15 Gy doses at 120 hpf. Curcumin pre-treatment, in a concentration-

dependent manner, reduced the percentages of malformed embryos at 120 

hpf, with percentage values of: 58% and 33% with 2.5 and 5 M of curcumin 

and the dose of 4 Gy, respectively, and 66% with both curcumin 

concentrations with the 10 Gy dose. Instead, in embryos treated with the 

highest dose of 15 Gy, the toxic effect induced by IR prevailed, as the pre-

treatment with 2.5 µM of curcumin led to a slight protection only up to 96 hpf 

(Fig. 33). 
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Fig. 33 Normal (green bar), dead (black bar) and abnormal (red bar) embryos rates of 

developing zebrafish embryos exposed to 2, 4, 8, 10 and 15 Gy doses of proton beam with or 

without 2,5 and 5 M curcumin concentrations. Data presented derived from 1 experiment. 

 

PE and SC started to be observed at 48 hpf for the higher doses (10 and 15 

Gy), and at 72 hpf for the lower doses (≤ 8 Gy). Their incidence decreased in 

the presence of curcumin pre-treatment, from 72 up to 96 hpf, mainly with 

the 5 µM concentration. In detail, at 120 hpf, the incidence of SC was 80% 

and 100% in 10 and 15 Gy, respectively, vs 37% and 75% in the 5 µM pre-

treated embryos with the same radiation doses. Similarly, at the same time 

point, the incidence of PE was 72% and 100% in 10 and 15 Gy, respectively, 

vs 50% and 41% in the 5 µM pre-treated embryos at the same radiation doses. 

Furthermore, despite the low incidence of these serious malformations at 

lower doses, the protective effect of curcumin was also confirmed, mainly 

with the 2.5 µM curcumin concentration (Fig. 34). 
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Fig. 34 Distribution (%) of the main malformations observed in malformed developing 

zebrafish embryos exposed to a combination of curcumin pre-treatment with concentrations 

of 2.5 or 5 M, followed by irradiation with 0, 2, 4, 8, 10 or 15 Gy of protons: SC (blue bar), 

PE (orange bar), YM (gray bar), PIGM (yellow bar). Data presented derived from 1 

experiment. 

 

The evaluation of morphometric parameters at 72 and 96 hpf, such as body 

length, yolk sac diameter, eye length and head length, confirmed, at different 

extent, the protective effect exerted by curcumin pre-treatment for higher 

doses of radiation (10 and 15 Gy) (Fig. 35 a, b). 
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 a. 

 

 b. 

Fig. 35 a, b 72 (a) and 96 (b) hpf measurement (mm) of morphological parameters (body 

length, yolk sac diameter, eye length and head length) after 10 and 15 Gy of proton treatment, 

with or without curcumin 2.5 and 5 µM pre-treatment. Data presented derived from 1 

experiment. Error bar = ± SD. 

 

Even more interesting, the PE measurement, for the same treatments at the 

same time points, showed PE values of 0,15 and 0,12 mm at 72 hpf with 10 

and 15 Gy, and 0,16 and 0,12 mm at 96 hpf with the same doses. Instead, in 

pre-treated embryos with 2.5 or 5 µM curcumin: the 72-hpf PE values were 

0,12 and 0,1 mm with the dose of 10 Gy, and 0,1 and 0,13 mm with the dose 

of 15 Gy; the 96-hpf PE values were 0,11 mm with the dose of 10 Gy and 
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both the curcumin concentration, and 0,08 and 0,12 mm with the dose of 15 

Gy (Fig. 36).  

In the case of proton irradiation, the Protection Rate (PR) calculation showed 

the values reported in Table n. 3. Overall, the protection offered by curcumin 

is lower in combination with protons, than that offered in combination with 

photons, as above reported.  

Moreover, based on the PE diameter values, even the Relative Biological 

Effectiveness (RBE) has been calculated for the 72 and 96 hpf embryos treated 

with 10 Gy, as described in materials and methods. The obtained values are 

reported in Table n. 4. 

 

 

Fig. 36 72 and 96 hpf measurement (mm) of PE measurement parameter after 10 and 15 

Gy IR treatment, with curcumin pre-treatment, at both concentrations, or not. Data presented 

derived from 1 experiment. Error bar = ± SD. 

 

 

Table n. 3 Protection Rate (PR) values (%), for 10 Gy doses, with both concentration of 

curcumin, at 72 and 96 hpf, respectively. 

 

 

Table n. 4 RBE values calculated for the 72 and 96 hpf embryos treated with 10 Gy. 
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The hatching rate analysis showed that the protons irradiation led to a delay 

of this phenomenon at 48 hpf of + 3,51% both for 2 and 4 Gy, + 2,50% for 8 

Gy, + 2% for 10 Gy and +1,50% for 15 Gy, compared to untreated controls. 

Curcumin pre-treatment with both the concentrations led to a lower process 

delay at the same time point, with values similar to those of the control. 

The manual evaluation of the heart-beating rate at 72 hpf, revealed a small 

decrease in the only irradiated embryos compared to controls, from 2 to 10 

Gy (Fig. 37). Curcumin pre-treatment, at both concentrations, seems to 

exercise a protective role, bringing the values closer to those of the controls.  

 

 

Fig. 37 Heart rate values of 72 hpf embryos exposed to 2,5 and 5 M curcumin 

concentrations and 2, 4, 8, 10 and 15 Gy of proton beam. Data presented derived from 1 

experiment. Error bar = ± SD. 
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DISCUSSIONS 

 

Natural products are being increasingly valued by the scientific community, 

due to their potential application as an effective, safe, and cheap intervention, 

also in the context of personalized RT. Curcumin is a polyphenol derived 

from the plant Curcuma longa, and it exhibits strong antioxidant activity 

comparable to that of vitamins C and E. It was shown to be a potent ROS 

scavenger, including superoxide anion radicals, hydroxyl radicals and 

nitrogen dioxide radicals, which generally deteriorate the biomolecules such 

as protein, lipids, and nucleic acids especially DNA (Dulbecco et al., 2013; 

Azmi et al., 2015). In addition, the hydroxyphenyl chemical unit has been 

shown to be crucial to its anti-inflammatory activity (Yallapu et al., 2014).  

The main aim of this research study was to evaluate the possible 

radioprotective effects of curcumin, using an in vivo approach on zebrafish 

embryos (Danio rerio). Specifically, embryos were subjected to single 

treatment with curcumin (2.5-10 μM) or radiation with X-rays or protons (2-

15 Gy) and to combined treatments using 2 curcumin concentrations (2.5 e 5 

μM) and 5 radiation doses (2, 4, 8, 10 e 15 Gy), using X-rays and protons. In 

particular, the irradiation with proton beam was just one first preliminary 

experiment.  

The aim of a RT combined treatment should be based on the use of the lowest 

(effective) IR dose together with the lowest (no toxic) compound 

concentration, in order to obtain an additive or synergistic treatment to obtain 

the maximum efficacy on the tumor target without compromising 

surrounding healthy tissue. 

Therefore, in order to evaluate the maximum possible toxicity caused by 

single treatments, a toxicological test was conducted using different curcumin 

dilutions in the absence of radiation and viceversa. Thus, a toxicology 

workflow has been defined to follow morphological alterations appearance 

on the treated embryos, as already described in material and methods.  

The single treatment with curcumin was carried out by administering the 

molecule twice a day for five days, in order to cover eventual gaps due to the 

low half-life of the molecule during the entire period of embryos observation 

up to 120 hpf. Thus, this continuous administration could guarantee the 
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maximum toxic effects appearance induced by curcumin. In addition, due to 

the curcumin auto-florescence property, the fluorescence saturation and 

desaturation time has been evaluated in order to study the time of curcumin 

internalization and its permanence inside the embryos.  

The treatment started at 6 hpf, when the maternal-to-zygotic transition of gene 

expression is almost complete, whereas the time of observation and analysis 

were concluded at 120 hpf, in order to avoid the necessity of animal 

experimentation authorization, according to European (2010/63/UE) and 

Italian (D. lgs. 26/2014) rules.  

The effect of curcumin at different concentrations on zebrafish embryos and 

larvae had been previously studied by some researchers (Chen et al., 2012; 

Rajagopal et al., 2017), and their findings showed a dose-dependent toxic 

effect of curcumin exposure. Our results showed that treatment 

concentrations of 7.5 and 10 μM were lethal, leading to 100% mortality at 72 

and 48 hpf, respectively. In the lower range, the maximum mortality was 46% 

at 120 hpf with the concentration of 5 μM, with 47% of malformed embryos. 

The type and severity of deformities were observed to be concentration- and 

time of exposure - dependent. Among the observed malformations, treatment 

with 5 μM curcumin caused an early manifestation (24 hpf) of SC and PE 

with maximum percentages of 72 and 52%, respectively, at 120 hpf. The 

hatching rate evaluation at 48 hpf also showed that only the 5 μM curcumin 

treatment led to a phenomenon delay respect to the control. As already 

reported by Oyemitan et al., 2017, a significant increase in toxicity effect was 

mostly observed after hatching at 48 hpf, resulting into reduction in survival 

rate and physiological malformation from 72 hpf onwards. This result 

suggests that the accessibility of extract to embryo increases with the loss of 

the protective chorion. Indeed, previous experiment conducted by Chen et al., 

2010 showed continuous changes in the chorion protein profile of zebrafish 

embryos, as the age of development advances, leading to an increase in the 

widening of the chorion pore channel, permitting greater influx of external 

solutes.  

The effect of the compound on the heartbeat rate of survived larvae at 72 hpf, 

treated with both 2.5 and 5 μM curcumin, showed no significant differences 

when compared with the control – with a very slight increase of 1%.  A similar 
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result was previously reported by Oyemitan et al., 2017. The behavioural 

analysis showed a lower reactivity in response to an induced stimulus and a 

lower mobile capacity only for embryos treated with the 5 μM concentration, 

against a non-variation of the average speed maintained, confirming what has 

already been described in the literature (Sachett et al., 2022) 

As already described by previous research groups (Brunner et al., 2020), 

embryo mortality as well as the rate of morphological aberrations increased 

with higher radiation dose, but decreased with advanced embryonic age and 

maturity (Geiger et al., 2006). Younger embryos, especially before 

midblastula transition (MBT), i.e. at the age < 24 hpf, were found to have not 

yet fully developed radiation damage repair proteins (McAleer et al., 2005), 

resulting in increased radiosensitivity and lower ability to repair the radio-

induced damage. This strongly underlines that the zebrafish embryo model is 

highly suitable for radiation biology experiments from 24 hpf onwards, both 

to study radiation modifying agents as well as for comparative studies on the 

effects induced by different types of beams. Indeed, the increasing use of 

particle therapy and the emergence of innovative radiation methods raise the 

necessity of valid, reproducible preclinical data on the biological effects of 

radiations.  

In our experiments, daily assessment of irradiated embryo until 120 hpf 

highlighted a very low mortality for embryos exposed from 2 to 15 Gy of X 

rays, than the untreated ones, as already described by Szabò et al., 2016. 

Indeed, in their experiment, the LD50 was 20 Gy on the 7th day post irradiation 

(dpi), for embryos irradiated with standard photon beam at 24 hpf. In addition, 

our experiments showed as IR inflicted malformations in a dose-dependent 

manner, in accordance with Geiger et al. 2006, with gross alterations from 8 

Gy onwards, and an incidence of 50 and 82% in 15 Gy treated embryos at 48 

and 120 hpf, respectively. Particularly, malformations strictly related to 

survival, such as SC and PE, prevailed for the higher doses (10-15 Gy) and 

appeared since 48 hpf, with values of 72 and 49%, respectively, at 120 hpf in 

15 Gy irradiated embryos. As suggested by Hwang et al., 2007, such 

radiation-induced malformations in zebrafish model show similarity to those 

noted in mammals, as cataract formation and retinal degeneration/atrophy, 

microcephaly, spinal deformity, or pericardial effusion, indicating that the 

organization of cellular layers, in certain zebrafish body districts as well as in 
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those of humans, was noticeably perturbed by IR. These clinical 

manifestations overlap confirms the applicability of the embryo model for the 

development of innovative therapies, also considering that most zebrafish 

organs and tissues are fully formed within 48 hpf, with an almost total 

superimposition with human ones in terms of position and function.  

Our hatching rate analysis showed that the IR treatment delayed this 

phenomenon at 48 hpf, in comparison to untreated controls, in a dose-

dependent manner, as already observed by Gan et al., 2019. The permanence 

of the chorion, even in the following time points for the highest doses of 

radiation (8-15 Gy) highlights even more the correlation between increasing 

doses of IR and the toxicity in embryonic development.  

Impaired heart rate, spontaneous movement, and swimming behaviour have 

also been reported following IR of developing zebrafish by other groups (Li 

et al., 2018; Si et al., 2019; Zhou et al., 2015). Similarly, our results showed 

a reduction in the heart rate of irradiated embryos, more for the higher doses 

and, despite a non-significant variation in the average speed maintained for 

the time unit and distance considered, a preference was highlighted in 

traveling short distances rather than the long ones. The two data could support 

each other, considering that a lower heart rate is mainly associated with small 

rather than large movements (Gan et al., 2019). 

Thus, having identified the non-lethal and non-toxic concentration range of 

curcumin, and the effective dose range useful for the observation of the 

induced radiation damage, the objective was to investigate the effects of 

combined curcumin-radiation treatment induced in zebrafish early life stages 

by coupling responses obtained at phenotypic, circulatory and behavioural 

levels, as well as at the molecular level (gene expression of anti-oxidant or 

pro/anti-inflammatory genes) for experimental conditions of particular 

interest. Considering previous literature results, in our study we decided to 

investigate the combination of the lower curcumin concentration (2.5-5 μM)  

with increasing IR doses, reducing the curcumin administration only in the 

form of a 18-hour pre-treatment before the IR administration at 24 hpf.  

As expected, considering the low rate of mortality given by radiation 

treatment alone in the selected dose range, irradiated embryos viability was 

not significantly affected by the 18 hours pre-treatment with 2.5 and 5 µM 

https://www.tandfonline.com/author/Gan%2C+Lu
https://www.tandfonline.com/author/Gan%2C+Lu
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curcumin, with respect to the controls. Interestingly, a pronounced protective 

effect was found in the percentage of malformed embryos after combined 

treatments using both the chosen curcumin concentrations, respect to the only 

irradiated embryos. Notably, this effect was visible in the 2-10 Gy range until 

the last day of observation (120 hpf), and it was greater for the higher 

curcumin concentration (5 μM), with a recovery of 21 and 11% for doses of 

8 and 10 Gy, respectively. On the other hand, the dose of 15 Gy proved to be 

a threshold dose, as a slight protective effect of curcumin was observed only 

up to 96 hpf (4%), probably due to the greater, irreparable severity of the 

radiation-induced damage. These results are in line with what has been 

observed by Szabó et al., 2018, in which a relevant deterioration occurred 

during day 4 post IR and increased thereafter at 15-20 Gy radiation dose. The 

protective effect of curcumin, in detail, was manifested in the reduced 

incidence of specific malformations, with a SC recovery of 15% and 14% for 

doses of 10 and 15 Gy, at 96 hpf, and a PE recovery of 23 % and 22% for the 

same doses at the same time point, respectively. Therefore, the greatest 

protection, in percentage terms, seems to be exerted on the malformation 

closely related to the embryos and larvae survival, i.e. PE. This acquires 

greater value considering that severe PE could led to a circulatory collapse in 

developing zebrafish and to the end-stage heart failure as described by Chen, 

2013. Furthermore, the curcumin protection is exerted not only in terms of 

incidence of PE occurrence, but also in terms of phenotype severity, which is 

less extensive in the pre-treated embryos vs the only irradiated ones.  

The analysis of morphometric parameters at 72 and 96 hpf showed a lesser 

severity of all the other malformations under examination, such as body 

length, yolk sac diameter, eye length and head length, although the more 

interesting recovery was just in the PE diameter. 

Thus, in our study, we also quantified the entity of curcumin radioprotective 

ability, by means of the evaluation of a Protection Rate (PR) parameter, 

which showed that the pre-treatment with the lower concentration of 

curcumin (2.5 µM) led to an higher reduction in the PE diameter than the 5 

µM concentration vs irradiation alone, with values of 39,28 and 50% at 72 

and 96 hpf for 10 Gy irradiated embryos, respectively. Therefore, the lower 

concentration of curcumin seems to act more effectively in reducing the PE 

diameter. As a confirmation of this protection against the heart district, the 
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evaluation of the heart-beating rate at 72 hpf revealed as curcumin pre-

treatment, at both concentrations - but again little better with the lower one - 

seems to exercise a protective role, bringing the heartbeat values closer to 

those of the controls for the 2-10 Gy dose range. Curiously, embryos treated 

with dose of 15 Gy with or without curcumin suffered of increased heartbeat, 

as the PE volume is more pronounced than for doses ≤ 10 Gy, so the heart try 

to compensate with an increased heart frequency. Also in this case, albeit not 

significantly, the lower concentration of curcumin seems to act by lowering 

the values back to those of the control.  

IR is an important source of exogenous ROS, which exhaust the tissue’s 

antioxidant system, stimulates the production of more ROS to form a cascade 

of amplified inflammatory responses and, ultimately, leads to cell death 

(Dong et al., 2020). Thus, oxidative stress is a central pathogenic mechanism 

mediating radiation damage, suggesting that curcumin protection could be 

associated with an enhanced antioxidant capacity. Consistent with this notion, 

we observed that the gene expression of some crucial antioxidant enzymes 

was reduced by irradiation compared to the control group, whereas their 

levels were reported close to those of controls in the pre-treated embryos. This 

trend has been observed by other researchers, testing other radioprotective 

molecules (Gan et al., 2019). As described in the literature, in response to 

external stimuli, such as IRs, transcription factors of the FOXO family 

regulate the expression of genes involved in cell cycle arrest, survival 

processes and, above all, in the response to oxidative stress (Greer and 

Brunet, 2005). Among them we highlighted sod1, sod2, gpx, cat, gstp and 

xdh, responsible for the production of the homonymous antioxidant enzymes, 

which give to the cells the ability to resist to the ROS excess by preventing 

the triggering of the apoptotic process (Nho and Hergert, 2014). The 

importance of these enzymes does not lie only in their role of detoxification, 

but also in the fact that their activities are synergic and coordinated. There are 

three types of SOD: cytosol Cu–Zn-SOD (SOD1), manganese-dependent 

mitochondrial enzyme Mn-SOD, (SOD2) and extracellular Cu-Zincase EC-

SOD (SOD3). O2- formed in mitochondria is degraded to H2O2 by SOD1 in 

the mitochondrial membrane gap and by SOD2 in the mitochondrial matrix 

(Wang et al, 2016; Cai et al., 2017). GPX (1-4) in the mitochondrial matrix 

eliminates H2O2, while uncharged H2O2 passes through the mitochondrial 
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membrane and is cleared by cytoplasmic SOD1 or CAT. SOD1 is also 

essential for Caspase-1 activation and regulation of the oxidation and 

glutathionylation of specific cysteine residues. CAT splits H2O2 into H2O and 

O2, and it can reduce inflammation in vitro, inhibiting caspase-1 activity and 

IL-1 β production and maturation (Cai et al., 2017). GPX converts tripeptide 

glutathione (GSH), which is composed of glutamate, cysteine and glycine, 

into oxidized glutathione (GSSG); H2O2 is reduced to H2O in this process, 

and lipid hydrogen peroxide (ROOH) is reduced to the corresponding stable 

alcohol. The GPX reaction is coupled with glutathione reductase (GSR), 

which maintains reduced glutathione (GSH) levels (Li et al., 2015). Among 

the cellular functions attributed to GSTs there are those of ligand binding and 

xenobiotic detoxification (Tew, 1994), indeed, reduced glutathione (GSH) 

binds to the ‘G’ site of GSTp (and other GST isozymes) and plays an 

important role in detoxification of reactive oxygen species (ROS) and the 

maintenance of the cellular redox state (Sato et al., 1989). The xanthine 

oxidoreductase (XOD) system, which consists of xanthine dehydrogenase 

(XDH) and xanthine oxidase (XO), is one of the major sources of free radicals 

in biological systems. The XOD system is predominantly present in the 

normal tissues as XDH. In damaged tissues, XDH is converted into XO, the 

form that generates free radicals. IR has been shown to convert XDH into 

XO, contributing to cell damage. The radiation-induced depletion of GSH and 

other thiols, essential for XDH maintaining in its reduced form in vivo, may 

also contribute to the conversion of XDH into XO, which has been reported 

to be irreversible (Srivastava et al., 2002).  

Overall, in our study, the analysis of gene expression levels of these enzymes, 

involved in the detoxification pathway or hydroxyl radical and superoxide 

anion scavenging activity, showed their deacrease in the 10 Gy irradiated 

embryos, whereas their levels were close to those of controls in embryos 

subjected to combined treatment (10 Gy/5 M curcumin) or in embryos 

treated with curcumin as single treatment.  Thus, interestingly, curcumin 

seems to be able to revert the downregulation of the gene expression of sod1, 

sod2, gpx1a/4a, cat, gstp/1a and xdh, restoring the detoxification capacity of 

cells subjected to IR treatment.  

In addition, another interesting result of our study is the observation of a 

similar trend also for the transcription factor STAT3, with increased 
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expression levels in the combined-treated embryos respect to the irradiated 

alone, both normalised to the controls. STAT3 can be activated by various 

growth factors and have protective role against IR damage, upregulating 

genes that are antioxidant, antiapoptotic, pro-angiogenic and pro-

inflammatory, even if suppressing anti-inflammatory and anti-fibrotic genes. 

It is also recognized to have other non-genomic roles targeting mitochondrial 

function and autophagy (Yu et al., 2009). Interestingly, a group of researchers 

showed that CAT treatment in vitro protects normal cells against radiation-

induced DNA damage and apoptosis via promoting STAT3 activation, 

increasing the expression of anti-apoptotic proteins such as BCL-2 and 

Survivin (Gu et al., 2007). In addition, the radioprotective effect of CAT, 

associated with increased STAT3 activation and elevated Survivin 

expression, was also confirmed by the experimental inhibition of STAT3, that 

abolished the protective activity of CAT in cells. These novel observations 

suggest that CAT may inhibit IR-induced oxidative stress, DNA damage, and 

apoptosis, at least in part, through activating the STAT3 signalling pathway. 

In support of this idea, it has been recently shown that STAT3 can bind to and 

affect the enzymatic activities of several subunit complexes of the 

mitochondrial electron-transport chain, thus demonstrating a new and 

noncanonical role for STAT3 in mitochondrial function (Wegrzyn et al., 

2009; Tammineni et al., 2013).  

In addition, among genes involved in energy metabolism, we investigated the 

possible variation in ldha expression levels, as it codes for an enzyme capable 

of catalyzing the reversible conversion of pyruvate into lactate, 

simultaneously with the oxidation/reduction of a NADH/NAD+ molecule 

(Forkasiewicz et al., 2020). The isoform a mainly catalyzes the reaction from 

pyruvate to lactate by a reaction that oxidizes a NADH molecule (Wang et 

al., 2012). It is one of the main enzymes involved in anaerobic glycolysis, and 

its expression can not only determine the energy metabolic pathway mainly 

used by the cell but can also affect the amount of intracellular ROS (Wang et 

al., 2012). It has been shown that cells with a high proliferative rate, such as 

cancer, stem and progenitor cells, have overexpression of LDHA and a lower 

amount of ROS compared to quiescent cells that metabolize glucose through 

the oxidative phosphorylation chain (Wang et al., 2012; Donmez et al., 2013). 

The activation of ldha expression and the presumable consequent formation 
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of the enzyme reduces the production of intracellular ROS derived from 

glucose oxidation (Valvona et al., 2015). This evidence, associated with a 

significant increase in its expression levels observed in pretreated embryos 

compared to irradiated ones (2.07 vs 0.33 fold-change), further confirms the 

hypothetical protective power of curcumin against ROS. Furthermore, the 

LDHA enzyme is also able to influence the NAD+/NADH ratio by increasing 

it. In this way, the catalytic activity of Sirtuins (SIRT1-6) is stimulated and, 

consequently, this could favour a further antioxidant effect (Vettraino et al., 

2013). Given the significant involvement of ROS in IR-induced normal tissue 

toxicity, damage and death, the results up to now described permit to 

hypothesize that curcumin protect by IR induced toxicity, by modulating the 

gene expression of antioxidant and detoxifying enzymes, thus promoting cell 

survival.  

We also investigated the inflammatory profiles of treated embryos, through 

the gene expression analysis of the cytokines il-1β, il-6, tnf-α and il-10. Once 

again, they showed a similar trend, with expression levels lower than 1 

(referred to untreated embryos) in any treatment studied. This could be 

explained by the fact that in the larvae, at the time of hatching (48-72 hpf), 

the immune system is still developing and not all of the structures and 

functions are mature (Ellis, 1988; Tatner, 1996). After fertilization, larvae 

survive with only the innate immune responses because adaptive immune 

system, both cell-mediated and humoral immunity, is non-functional during 

the early larval stages and becomes fully competent after both lymphoid 

organs and cells mature several weeks (from 1 to 15) after hatching (Lam et 

al., 2002). However, interestingly, the combined treated embryos showed 

higher expression level of these four cytokines compared to that of solely IR 

and curcumin treated embryos. This could be related, as described before, by 

the STATs role in inflammation and immunity. The stat3 increase in 

combined-treated embryos, could motivate the trend observed for these four 

cytokines, considering the leading role of STAT3 in the expression regulation 

of cytokines, chemokines, and other mediators, such as IL-6, IL-1β or IL-10, 

macrophage colony-stimulating factor, prostaglandins, and cyclo-oxygenase 

2 (Yu et al., 2009). Surely, it would be interesting to pay attention to these 

parameters in time points later than 48 hpf. 
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Therefore, based on what it has been observed and highlighted, curcumin 

radioprotection is activated after the IR insult at molecular, cellular, tissue 

and organism levels. 

Furthermore, we also tested the curcumin pre-treatment in combination with 

a proton beam irradiation, placing the embryos in the mid-SOBP position, in 

order to verify if the entity of curcumin radioprotection by IR-induced 

toxicity is same to that observed with photon conventional irradiation. Indeed, 

the RBE of protons is known to be close to 1.1, thus it is expected to be little 

bit more effective and toxic.  

Proton irradiation as single treatment led to a very low mortality for embryos 

exposed from 2 to 15 Gy, compared to the untreated ones, with a maximum 

death of 9% for the higher doses (10 and 15 Gy) at 120 hpf. Curcumin pre-

treatment, at both concentrations, led to 0% dead embryos at the same time 

point and with the same doses. As described by Szabò et al., 2018 the survival 

of 24 hpf zebrafish embryos was not reduced significantly by doses up to 15 

Gy of protons (and photons) at the entrance of plateau, and up to 10 Gy at 

mid-SOBP, respectively. Interestingly, in their experiments the number of 

surviving embryos significantly declines at higher doses, as for protons the 

delivery of 30 Gy resulted in a 50% survival rate (LD50) already at the 4th dpi.  

In our experiment comparing proton vs photon beam irradiation as single 

treatments, in proton-treated embryos, the highest percentages of malformed 

embryos range from 75% with the 4 Gy dose to 91% with the 10 and 15 Gy 

doses at 120 hpf, whereas lower range of malformed embryos were observed 

after photons irradiation at the same timepoint: 49,9% (4 Gy) to 87,4% (10 

and 15 Gy) (Table n. 5). This comparison confirms that, at the isodose, the 

damage inflicted by protons is greater than that inflicted by photons. 

The combination of proton irradiation with curcumin pre-treatment also 

reduced the percentages of malformed embryos at 120 hpf, in a concentration-

dependent manner. Indeed, with the 5 µM curcumin pre-treatment, the 

percentage of malformed embryos at 120 hpf were 33% and 66% at 4 and 10 

Gy, respectively, vs 35% e 66% observed, at the same time point and for the 

same doses, in curcumin pre-treated embryos with photon beam. The Table 

n. 5 show how curcumin pre-treatment produces a major gain in malformation 
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percentage recovery in combination with protons than with photon 

irradiation.  

 

 

Table n. 5 Malformation percentage induced by photons or protons at 4 and 10 Gy doses, 

in combination or not with 5 μM curcumin, at 120 hpf. 

 

Instead, using 15 Gy of photon or proton beams, the dose effect seems to 

prevail over the radioprotective effect exerted by curcumin. Indeed, at 96 hpf 

the percentage of malformed embryos are 91,6% with photons single 

treatment vs 87,4% in combination with 5 M curcumin; whereas, they are 

91,6% both with protons single treatment or in combination with 5 M 

curcumin. Moreover, at 120 hpf no gain is observed by the combination of 

curcumin with IR. 

Thus, in our study the 10 Gy could be considered a threshold dose in order to 

benefit of radioprotective effects offered by curcumin. Similar results were 

previously found by the group of McAleer et al., (2005) with another 

compound.  

In proton irradiation, the PE and SC started to be observed at 48 hpf for the 

higher doses (10 and 15 Gy), and at 72 hpf for the lower doses (≤ 8 Gy). Their 

incidence decreased in the presence of curcumin pre-treatment, from 72 up to 

96 hpf, mainly with the 5 µM concentration. In detail, at 120 hpf the SC 

incidence was 80% and 100% in 10 and 15 Gy (vs 61% and 85% observed 

with photons), respectively. Its incidence decreased in the 5 µM pre-treated 

embryos with the same radiation doses, being 37% and 75% with protons (vs 

45 and 85% with photons). Thus, the SC incidence is higher with protons than 

with photons, and 5 µM curcumin would seem to offer a higher gain of 

protection with protons than with photons. This effect is also visible with the 

dose of 15 Gy, as the SC percentage decrease from 100% to 75 % in the 

combined treated embryos.  

Similarly, at the same time point, the incidence of PE after proton irradiation 

was 72% and 100% (vs 66 and 100% with photons) in 10 and 15 Gy, 

respectively. Its incidence decreased in the 5 µM pre-treated embryos with 
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the same radiation doses, being 50% and 41% with protons (vs 30 and 95% 

with photons). Thus, also the PE incidence confirm the higher effect of 

curcumin on protons than photon irradiated embryos.   

However, we also investigated the curcumin radioprotection in terms of 

malformation severity. The evaluation of morphometric parameters at 72 and 

96 hpf, such as body length, yolk sac diameter, eye length and head length, 

confirmed, at different extent, the protective effect exerted by curcumin pre-

treatment for higher doses of radiation (10 and 15 Gy).  

In particular, even for proton irradiation, we focused our attention on the PE 

diameter, as main alteration that could easily outcome in death. Thus, we 

measured the PE diameter average for all the treatment configurations and 

calculated the Protection Rate (PR) offered by curcumin, as already described 

in materials and methods. As it can be easily observed, the severity of PE in 

terms of its diameter is similar at the isodose of 10 Gy in photons (0,14 mm) 

and proton (0,15 mm) treated embryos at 72 hpf and at 96 hpf  (0,16 mm for 

both the beams). However, the PE improvement offered by curcumin is major 

in combination with photons than with protons, as a greater diameter 

reduction is appreciable in the first combination. In particular, as shown in 

Tables n. 2-3, at 10 Gy the Protection Rate offered by 2.5 and 5 M curcumin 

is higher in photon treated embryos for both the time points of 72 hpf (39,28% 

and 28,57%) and 96 hpf (50% and 25%), vs proton treated embryos at the 

same time points (20% and 33,3% at 72 hpf, while 31,25% at 96 hpf for both 

the curcumin concentration). Particularly, a major effectiveness is offered by 

the lower curcumin concentration. Based on the main role of curcumin in cell 

detoxification, these results suggest that the PE malformation could be more 

affected by ROS production (Razaghi et al., 2018) in photon than in proton 

beam irradiation, thus supporting the idea of the higher indirect damage due 

to water radiolysis generated by photons, than that produced by proton and, 

in general by hadrons.  

The hatching rate analysis showed that the protons irradiation led to a delay 

of this phenomenon at 48 hpf compared to untreated controls, as already 

reported by Hu et al., 2016 and Li et al., 2018.  Like with photons, even for 

proton irradiation the curcumin pre-treatment with both the concentrations 

led to a lower delay process at the same time point, with values similar to 
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those of the control. The manual evaluation of the heart-beating rate at 72 hpf, 

revealed a small decrease in the only irradiated embryos compared to 

controls, from 2 to 10 Gy and, even in this case, curcumin pre-treatment at 

both concentrations seems to exercise a protective role, bringing the values 

closer to those of the controls. 

Finally, based on the PE diameter values we calculated the RBE of photons 

respect to protons at the isodose of 10 Gy, in order to compare just the beams 

biological effectiveness. The RBE is known to be variable and influenced by 

different factors such as tissue type, biological endpoint, treatment regimen, 

ion type (Lühr et al., 2017). In order to overcome the uncertainties of the in 

vitro experiments, in vivo systems (clinically more relevant) have been 

introduced in radiation research providing important data on the dose 

dependent reactions of a complex organism. Respect to rodents, the 

development of a less vulnerable, and less expensive novel in vivo vertebrate 

model, which fulfills the requirements drawn up by Hall (1979) to be a 

“convenient, portable and reproducible” biological system for inter-

comparison, is essential for studies on emerging radiation modalities.  

However, a substantial difference exists in the calculation of the RBE in vitro 

and in vivo. In fact, for cultured cells, the calculation of the RBE is 

consolidated and based on the dose’s ratio between photons and protons, 

necessary to obtain the isoeffect in terms of the same survival values, obtained 

from two LQ model dose response curves (Savoca et al., 2020). In the case 

of in vivo RBE calculation, it cannot be possible to evaluate it by doses ratio 

at a certain survival isoeffect, as survival values are discrete because they are 

experimentally generated, not being possible to obtain them from a LQ model 

curve.  

Therefore, some examples of RBE calculation are reported in the literature 

on zebrafish model. 

In particular, the RBE definition of high LET beams relied on two 

quantitative endpoints, as survival or morphometric parameters’ ratios at the 

isodose. Considering the survival parameter, other research groups have 

found RBE values in the range of 0,96 – 1,2 at 4 dpi after 20 Gy of plateau 

and mid-SOBP protons (Urano et al., 1984; Uzawa et al., 2007; Saager et 

al., 2018). Instead, considering morphometric parameters of malformations 
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at 4 dpf, the RBE was previously estimated for SC and YM, but not for PE, 

although it is observed as an acute reaction in all embryos, closely related to 

survival in the embryonic stages (Brunner et al., 2020). Then, we decided to 

consider the PE diameter at the isodose of 10 Gy for the RBE calculation, 

finding the values of 0,93 and 1 at 72 hpf and 96 hpf respectively, thus 

confirming a similar biological efficacy between the two beams. However, 

considering that in this study the proton irradiation has been performed as 

single experiment, we should consider these results as preliminary and further 

replicates are needed to confirm the data obtained.  
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CONCLUSION AND FINDINGS 

 

1) This is an unprecedented radiobiological study focusing the role of curcumin 

as radioprotector on zebrafish model; 

2) Curcumin has proved to be a powerful radioprotector in vivo; 

3) Curcumin pre-treatment reduced the overall incidence of malformed embryos 

and the percentage of single malformations with both the beam types; 

4) Curcumin has proved to be more efficient in reducing the incidence of 

malformations induced by protons, compared to photons, also in reducing the 

PE diameter, probably due to a major ROS contribution, induced by photons, 

to the PE severity; 

5) The radioprotective effect of curcumin most likely depends on the antioxidant 

activity of curcumin. 
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APPENDIX A 

 

List of primers used for q-PCR 

 

Gene 
Sequences (5’-3’) 

Forward (Fw) and Reverse (Rw) 
Length (bp) Annealing T (C°) 

cat 

 

F: ATGAAGCCGAGAGAGAGCGT 

R: TCAGCGTTGTGTTTATCCAGG 

 

20 

21 

 

62 

sod1 

 

F: AAGAAGCCAGTGAAGGTGACT 

R: CGTGTCTCACACTATCGGTTG 

 

21 

21 

 

62 

sod2 

 

F: TGTGCTAACCAAGACCCTTTG 

R: AACGCTCGCTGACATTCTCC 

 

21 

20 

 

62 

gpx1a 

 

F: GCACAACAGTCAGGGATTACA 

R: AGCCATTTCCAGGACGGAC 

 

21 

19 

 

62 

gpx4a 

 

F: TTCACAGCCACAGATATAGATG 

R: GAAAGCCAGGATGCGTAAACC 

 

22 

21 

 

62 

xdh 

 

F: ATAGTGATGGATGTGGGCAAG 

R: TAACCGTCAGGAGAGTAGCG 

 

21 

20 

 

62 

gstp 

 

F: TCGCAGTCAAAGGCAGATGTG 

R: GAAACAGCACCAGGTCACCAT 

 

21 

21 

 

62 

gstp1a 

 

F: TCTACCAGGAATATGAGACCG 

R: ACCTTCAGATTCAGCAGCAGA 

 

21 

21 

 

62 

ldha 

 

F: GTTGGAATGGTTGGAATGGCT 

R: CTTGTGCGTCTTGAGAAACAG 

 

21 

21 

 

62 

stat3 

 

F: GGCTGGACAACATTATTGACC 

R: GGAGGCTTTGGACTCAGGAT 

 

21 

20 

 

62 

il-1β 

 

F: CCCTGAACAGAATGAAGCACA 

R: TGTAAGACGGCACTGAATCCA 

 

21 

21 

 

62 

il-6 

 

F: CAAGATGCCATCCGCTCAGA 

R: CCTGAACTTCGTCTCCCAGATA 

 

20 

22 

 

62 

il-10 

 

F: TTCAGGAACTCAAGCGGGATA 

R: GTACCTAAAGAGCAAATCAAGC 

 

21 

22 

 

62 

tnf-α 

 

F: TCTGCTTCACGCTCCATAAGA 

R: GTCATCTCTCCAGTCTAAGGT 

 

21 

21 

 

62 

rpl13 

 

F: AGGTGTGAGGGTATCAACATC 

R: TTGGTTTTGTGTGGAAGCATAC 

 

21 

22 

 

62 
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APPENDIX B 

 

Dead, abnormal and normal embryos rates, observed at 96 and 120 hpf, of developing 

malformed zebrafish embryos exposed to a combination of curcumin pre-treatment with 

concentrations of 2.5 or 5 μM, followed by irradiation with 0, 2, 4, 8, 10 or 15 Gy of X-rays. 
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APPENDIX B.1 

 

Distribution (%) of SC and PE, observed at 96 and 120 hpf, in developing malformed 

zebrafish embryos exposed to a combination of curcumin pre-treatment with concentrations 

of 2.5 or 5 μM, followed by irradiation with 0, 2, 4, 8, 10 or 15 Gy of X rays. 
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ABBREVIATIONS 

 

BC Breast Cancer 

DCFH-DA 2,7-Dichlorofluoroscin Diacetate 

DMSO Dimethyl Sulfoxide 

dpf days post fertilization 

dpi days post irradiation 

DSBs Double Strand Breaks 

hpf hours post fertilization 

HR Hatching Rate 

IGRT Image-Guided RT 

IMRT Intensity-Modulated RT 

IR Ionizing Radiation 

Lardist Large Distance 

LET Linear Energy Transfer 

LNT Linear and No-Threshold 

LQ Linear Quadratic 

NTC Non-Template Control 

NTCP Normal Tissue Complication Probability 

PE Pericardial Edema 

PIGM Pigmentation 

PK/PD Pharmacokinetic/Pharmacodynamic 

PMMA Polymethyl Methacrylate 

PR Protection Rate 

PT Proton Therapy 

RBE Relative Biological Effectiveness 

ROS Reactive Oxygen Species 

RT Radiotherapy 

rt room temperature 

SC Spinal Curve 

SD Standard Deviation 

SLN Solid Lipid Nanoparticle 
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Smlsdist Small Distance 

Smlspeed Small Speed 

SOBP Spread-Out Bragg Peak 

SSBs Single Strand Breaks 

TCP Tumor Control Probability 

TFs Transcription Factor 

YM Yolk Malabsorption 

zPDX zebrafish patient-derived xenograft 
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