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Antioxidant Role of Hypericin on Ultraviolet-C Radiation Mediated Carcinogenesis In Drosophila Melanogaster


ABSTRACT
Hypericin, a polycyclic aromatic naphthodianthrone, is derived from the Hypericum genus and acts as a photosensitizer in the photodynamic therapy of numerous cancers. However, the mechanism of hypericin against skin cancer is not yet investigated. In the present study, the fruit flies were classified into six groups. Group I- normal, Group II- UVC treated, Group III, IV, V and VI- UVC treated along with hypericin (0.1%, 0.2%, 0.4% and 0.8% respectively). Following the treatment, the climbing activity was assessed. Based on the behavioural study, 0.4% of hypericin was considered as an active dose and utilized for further experiments (Group I- Control; Group II- UVC exposed; Group III- UVC + Hypericin (0.4%); and Group IV- Hypericin (0.4%) alone).  The levels of protein carbonyl content and thiobarbituric acid reactive substances were enhanced significantly (p<0.05) in hemolymph and diminished significantly (p<0.05) in the head and intestine of UVC-exposed D. melanogaster. The levels of GSH and the activities of SOD, GST, catalase and GPx were diminished significantly (p<0.05) in the circulation and tissues of UVC-exposed flies. Hypericin treatment significantly (p<0.05) nullifies the oxidative imbalance exerted by UVC and brings them back to near normal levels. Behaviour study is also supported the present findings. Further molecular research is needed to know the mechanism of action of hypericin and improve the fly model to utilize it for translational research, targeting to link the gap between preclinical findings and clinical studies.
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1. INTRODUCTION 
The occurrence of skin cancer has been increasing in recent decades and causes a high death rate globally (Sun et al., 2020).  Exposure to UV radiation (UVR), occupational chemicals, increased age, family history, white skin, ethnicity, and use of immunosuppressive agents are the main risk factors for skin cancer (Redondo et al., 2019). Previous experiments demonstrated that the main cause of skin cancer is attributed to chronic exposure to UV Radiation. It occurs more often in people who spend more time outdoors (Le et al., 2018). Subtypes of UV radiation exposure include UVA, UVB, and UVC, belonging to 320 - 400nm, 280 - 320nm, and 200 - 280nm, respectively (Wilson et al., 2012). As UVC has a strong ionizing capacity, it is considered the most dangerous radiation as compared to UVA and UVB. It can be easily blocked by the ozone layer, due to its shorter wavelength. The exposure to UVC is enhanced in humans due to the constant loss of the ozone layer, which has become a major environmental problem (Mohania et al., 2017). Moreover, some accidental exposure to artificial sources like germicidal lamps may lead to UVC exposure. UVC may enhance the formation of ROS and cyclobutane pyrimidine dimers and thereby induce skin cancer (Wang et al.,2013). Numerous experiments focused on the protective agents against UVB- or UVA-induced skin damage (Guan et al., 2021; Mancuso et al., 2017). While the experiment on UVC is sparingly carried out. So, it is highly valuable to search for agents that can profoundly decrease skin damage induced by UVC.
The efficacy of commonly used therapies such as chemotherapy and radiotherapy is inadequate because of their adverse effects due to their insufficient curative nature and enhanced toxicities (Abotaleb et al., 2020; Supplitt et al., 2021). There is an urgent need to discover alternative therapies for cancer treatment (Kocot-Kępska et al., 2021).  Various phytochemicals belonging to different medicinal plants and nutraceuticals with chemoprotective effects were the subject of interest in cancer therapy (Moosavi et al., 2018). The Hypericum genus consists of several bioactive components with potent anticancer activity (Zhang et al., 2020). Hypericin, a polycyclic aromatic naphthodianthrone, is found in various species of the Hypericum genus and at higher concentrations in H. perforatum (St. John's Wort) (Saffariha et al., 2021).
The anti-cancer efficacy of Hypericin against cancers of breast, cervix, colorectum, lung, colon, brain, liver, stomach, blood, etc., was reported by inhibiting pro-inflammatory mediators, endothelial growth factor, fibroblast growth factor, cell adhesion, angiogenesis, and mitochondrial thioredoxin. It also enhances caspases expression and keeps the cells in the metaphase stage, thereby leading to apoptosis and induction of several protein and gene expressions. However, the mechanism of hypericin against skin cancer is not yet investigated.
2. MATERIALS AND METHODS:
2.1 Chemicals:
Chemicals used in the current study were obtained from Sigma Chemical (St. Louis, USA) and Himedia Laboratories Pvt. Ltd. (Bangalore, India). 
2.2 Fly maintenance:
Wild-type flies (D. melanogaster) were procured from the Centre for Cellular and Molecular Biology in Hyderabad, India, and maintained on cornmeal-yeast agar medium under standard conditions. Hypericin was administered in food medium for 12 days. 
2.3 Experimental protocol
Flies were classified into six groups to perform behavioural assay: I- control, II- UVC exposure, III, IV, V and VI- UVC exposure and hypericin (0.1%, 0.2%, 0.4%, and 0.8%), respectively. Each group carries around 60 flies. Negative geotaxis (climbing activity) assay was performed using these groups of flies. Based on the results obtained from behaviour studies, 0.4% hypericin is considered the effective dose. To evaluate the antioxidant property of hypericin, the flies (n=60/ group) were classified as Group I- Control; Group II- UVC exposed; Group III- UVC + Hypericin (0.4%); and Group IV- Hypericin (0.4%) alone (Lotfy et al., 2025). 
2.4 Negative geotaxis assay: 
30 flies from all the groups were taken and exposed to diethyl ether (anesthetizing agent) and kept in distinct vials plugged with cotton. After 10 minutes, vials were tapped to keep the flies at the bottom of the vials. After a minute interval, the climbing activities of the flies were measured, and the test was repeated three times. 
2.5 Collection of tissue homogenate and hemolymph
A hole was made in a microfuge (0.5 mL) tube and kept inside a microfuge (2 mL) tube after removing the lid. The legs and wings were removed from flies (n=30) of each group, and placed in a 0.5 mL tube. Hemolymph was collected in a 2 mL tube after centrifuging at 2500 rpm for 15 minutes, and stored by mixing with ice-cold PBS. The heads and intestines from flies (n=30) in each group were collected, homogenized, and centrifuged at 5000 rpm at a cold temperature. The hemolymph and tissue homogenates were used for biochemical estimations.
2.6 Biochemical Estimation
[bookmark: OLE_LINK1]Using Niehaus & Samuelson's method (1968), the level of TBARS was measured by treating hemolymph and tissues with an acidic TBA reagent, which was then read at 535 nm. For quantifying the carbonyl content of protein (Levine et al., 1990), the samples were separated into two parts, each comprising 1 mg of protein, to which 2N HCl was added. Then, 10% TCA was added after 1 hr incubation and centrifuged. To the precipitate, an equal volume of ethyl acetate and ethanol (1:1) was added and mixed with a mL of guanidine HCl. The OD was measured at 360 nm. In the assay of superoxide dismutase activity (Kakkar et al., 1984), fly samples were mixed with PMS and NBT. The reaction was induced by the addition of NADH and was inhibited by the addition of glacial acetic acid after 1.5 minutes. The OD was measured at 560 nm after the addition of n-butanol. GST activity (Habig et al., 1974) was assayed by mixing the fly sample with a reaction mixture containing substrate (CDNB) and reduced glutathione, leading to enhanced OD at 340 nm. For the assay of catalase activity (Sinha 1972), 0.1 mL of sample was mixed with 0.9 mL of phosphate buffer and 0.4 mL of H2O2. 2.0 mL of dichromate-acetic acid reagent was added to stop the reaction at appropriate time intervals, and heated in a boiling water bath. The colour formed was measured at 610 nm after cooling. To measure the GPx activity (Rotruck et al., 1973) in hemolymph and tissues, a precise amount of enzyme-containing sample is mixed with H2O2, NADPH, and GSH. After incubation, the required GPx activity is calculated by measuring the decrease in absorbance at 340 nm. In the estimation of reduced glutathione (Ellman, 1959), samples were mixed with DTNB, and a yellow color product formation was observed, which was measured at 412 nm using a spectrophotometer.
2.7 Statistical Analysis
[bookmark: _Hlk205300790]One-way analysis of variance and Duncan’s multiple range test (DMRT) were evaluated using SPSS (version 15.0, Cary, NC, USA) to study the statistical significance within groups (p<0.05). 
3. RESULTS AND DISCUSSION
3.1 Effect of hypericin on behavioural study
In the negative geotaxis assay, most of the control flies showed enhanced climbing activity, which is considered the normal behaviour of the flies. The climbing activity was reduced significantly in group II (UV treated) flies. Hypericin treatment (groups III, IV, V, and VI) dose-dependently enhanced the climbing activities in UV co-exposed flies as compared to UV alone-exposed D. melanogaster. Among the hypericin cotreated groups, group V (0.4%) showed more significant activity than the other groups (Fig. 1).  The results indicated that hypericin exposure offered a preventive effect against UVC-mediated phototoxicity through inhibiting oxidative stress in D. melanogaster. Numerous experiments showed the impact of radiation (gamma, micro, and ultraviolet rays) on insects, including D. melanogaster, because of their biological characters resembling higher organisms, limited life span, simple handling technique, short life cycle, and production of more offspring in their life span (Zapater et al., 2009; Ben Yakir and Fereres, 2016). The climbing activity of the flies exposed to UVC was found to be reduced, which indicated that the activity may be reduced due to carcinogenesis induced by radiation. In various cancers, cognitive dysfunction has been reported in flies (Pendergrass et al., 2018; Amulya and Subramanian, 2022). Our findings also demonstrated that the anticancer effect of hypericin is proven by its ability to bring back the flight behaviour of the flies. Thus, the hypericin exposure nullified the deleterious effect of UVC, which is supported by behaviour studies.
3.2 Antioxidant effect of hypericin in UV- exposed drosophila model of skin carcinogenesis:
[bookmark: _Hlk205228680]The deviations in the concentration of redox imbalance markers such as TBARS and protein carbonyl in control and experimental flies indicate that UVC exposure enhanced the activity of these oxidative stress-related markers in the hemolymph (TBARS (F(136.474) = 27.52, p < 0.05); PC (F(35.951) = 33.578, p < 0.05)) and diminished these parameters in the head (TBARS (F(7.057) = 7.033, p < 0.05); PC (F(4.52) = 7.798, p < 0.05) and intestine (TBARS (F(10.106) = 10.362, p < 0.05); PC (F(6.095) = 28.56, p < 0.05). Co-exposure of hypericin (0.4%) to UVC-treated flies brings their level to near normal in hemolymph and the tissues of the flies. No significant alterations of above said parameters were found between group I- control and group IV- hypericin alone treated groups (Fig. 2,3). Previous studies explored the role of UVC in inducing DNA damage and oxidative stress in fruit flies (Cui et al., 2021). Enhanced accumulation of TBARS (a by-product of lipid peroxidation) and protein carbonyls (oxidative product of protein) observed in the circulation of UVC-exposed flies may be due to enhanced release from the damaged tissues and also due to the diminished activity of the circulatory antioxidant defense system. This may be the primary cause for the reduction in the levels of TBARS and PC in the tissues of UVC-treated flies, which is not correlated with the levels/activities of any other antioxidants.  The TBARS and PC levels were diminished in the hemolymph of UVC and hypericin co-exposed flies, which may be due to the antioxidant property of hypericin. Previous studies indicated that the administration of N-nitrosodiethylamine, a carcinogen to the flies enhanced the levels of TBARS and protein carbonyl in hemolymph, and diminished their levels in head and intestine, which is corroborated by our present results (Jenefer Sofia and Subramanian, 2021; Amulya and Subramanian, 2022). 
Fig. 4, 5, 6 illustrates the activities of enzymatic antioxidants such as SOD, catalase and GPx in the tissues (head- SOD (F(11.713) = 15.785, p < 0.05); catalase (F(3,318) = 3.66, p < 0.05); GPx (F(3,318) = 3.66, p < 0.05)) (intestine - SOD (F(6.973) = 9.835, p < 0.05); catalase (F(3,318) = 3.66, p < 0.05); GPx (F(3,318) = 3.66, p < 0.05)) and hemolymph (SOD (F(18.529) = 9.288, p < 0.05); catalase (F(3,318) = 3.66, p < 0.05); GPx (F(3,318) = 3.66, p < 0.05) of normal and experimental flies. UVC exposure diminished the activites of enzymatic antioxidants in hemolymph, head and intestine. Co-exposure of hypericin (0.4%) to UVC-treated flies brings their activities to near normal in hemolymph and the tissues of the flies. No significant alterations of above said parameters were found between group I- control and group IV- hypericin alone treated groups. Normally, cells have numerous antioxidants, including three primary enzymes (SOD, catalase, and GPx) to prevent or protect cells from the deleterious effects of ROS. Superoxide ion is a negatively charged ROS molecule, produced by the transfer of an electron to oxygen (Hayyan et al., 2016). Although superoxide anion itself is considered a moderately toxic molecule (Winterbourn, 2008), it yields several toxic ROS and RNS intermediates by its potent reactive nature (Fridovich, 1997). Superoxide dismutases are the ubiquitous and first line of defence antioxidant enzymes found in aerobic organisms, which convert the toxic superoxide anion into less toxic hydrogen peroxide and oxygen. The GPx converts hydrogen peroxide into water, whereas catalase to oxygen and water. By their coordinating activities, both the superoxide and hydrogen peroxide are converted to water. Due to enhanced oxidative stress, their levels were diminished in the hemolymph and tissues of UVC-exposed flies, whereas their activity was enhanced in UVC and hypericin co-exposed flies, which was due to the antioxidant property of the phytochemical. Photodynamic therapy involving hypericin enhanced the activity of SOD non-significantly in MDA-MB-231 and significantly in MCF-7 cells, which correlates with our results. Moreover, hypericin increased the mRNA expression of SOD in MCF-7 cells (Kimáková et al., 2017). Johnson and Pardini (1998) indicated that the following exposure of hypericin to EMT6 cells dose dependently enhanced the SOD, GPx, and catalase activities. 
Fig. 7, 8 illustrates the level of GSH and activity of GST in tissues (intestine - GSH (F(3,318) = 3.66, p < 0.05); GST (F(3,318) = 3.66, p < 0.05); (head - GSH (F(3,318) = 3.66, p < 0.05); GST (F(3,318) = 3.66, p < 0.05)) and hemolymph (GSH (F(3,318) = 3.66, p < 0.05); GST (F(3,318) = 3.66, p < 0.05) of normal and experimental flies. UVC exposure diminished the level of GSH and activity of GST in hemolymph, head, and intestine. Co-exposure of hypericin (0.4%) to UVC-treated flies brings their level to near normal in hemolymph and the tissues of the flies. No significant alterations of above said parameters were found between group I- control and group IV- hypericin alone treated groups.
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Fig. 1. Dose-dependent effect of hypericin on UVC-induced behavioural impairment in flies. Values not sharing a common superscript differ significantly at p<0.05 (DMRT).
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Fig. 2, 3. Measurement of oxidant levels in hemolymph, head and intestine of control and experimental flies. Values not sharing a common superscript differ significantly at p<0.05 (Duncan’s Multiple Range Test, DMRT). 
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Fig. 4, 5, 6. Assessment of SOD, Catalase and GPx activities in hemolymph, head and intestine of control and experimental flies. Values not sharing a common superscript differ significantly at p<0.05 (Duncan’s Multiple Range Test, DMRT). 
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Fig.7, 8. Assessment of the levels of GSH and activities of GST in hemolymph, head and intestine of control and experimental flies. Values not sharing a common superscript differ significantly at p<0.05 (Duncan’s Multiple Range Test, DMRT). 
Glutathione (GSH) is the predominant non-protein thiol, which acts as a potent intracellular antioxidant against lipid peroxides, reactive oxygen and nitrogen species, and xenobiotics, even though found in very low concentrations (Kennedy et al., 2020). The levels of GSH are reduced significantly in the hemolymph and tissues of UVC-exposed flies, whereas the levels were enhanced in UVC and hypericin-cotreated flies. Lin et al., (2016) indicated that the treatment of hypericin to sensitize human colorectal cancer cells diminished the levels of GSH and activity of GST, indicating the effect of GSH-mediated toxicity in the treatment of cancer cells. 
GST is an enzyme that facilitates the binding of GSH to various electrophilic compounds and plays a crucial role in protecting tissues from toxic injuries. The decreased activity of GST may be due to its enhanced dysfunction or inactivation induced by UV radiation-mediated oxidative imbalance (Seo et al., 1996), which is corroborated by our results. GST activity was reduced in vitro (CNE-2 NPC and HK1 cells) and in vivo (NPC/HK1 murine tumor model) by hypericin-mediated PDT (Du et al., 2004).
Previous studies indicated that the exposure of potent antioxidants such as curcumin (Pari et al., 2008), quercetin (Majumder et al., 2019) and vitamin B6 (Contestabile et al., 2020) attenuated the effect of UV irradiation on Drosophila.  The present experiment depicted the UV protective role of hypericin on D. melanogaster due to its potent antioxidant properties. Although flies are considered good models for several diseases, including cancer, the lack of an adaptive immune system and differences in the pharmaceutical effect of compounds as compared to human studies were their limitations.
4. CONCLUSION
Previous studies indicated that the powerful photosensitizing and tumor-seeking characteristics of hypericin, together with activation of multiple pathways (mitochondrial and the stress-activated protein kinases), which can regulate the apoptosis/proliferation, making it a promising anticancer agent (Agostinis et al., 2002). The results of our experiment indicated that the UVC-mediated toxicity may be partially nullified by hypericin due to its antioxidant function. However, the precise mechanism of action of hypericin can be elucidated by more research using in vivo and in vitro models of UV radiation. 
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