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Original Research Article

Hypericin-Mediated Photoprotection in UV-B Exposed Mice via Regulation of Oxidative Stress and Autophagy

ABSTRACT

The present study aims to assess the protective role of hypericin in ultraviolet-B (UV-B)- mediated oxidative imbalance and alterations in the protein expression of autophagic markers in the skin of mice. The animals were randomized and grouped (n = 6) into normal, UV-B exposed (180 mJ/cm² for 30 weeks), UV-B + Hypericin (0.1%), UV-B + Hypericin (0.2%), UV-B + Hypericin (0.4%) and Hypericin (0.4%), alone treated. Hypericin was administered topically thrice a week for 30 weeks one hour before radiation exposure. Significant enhancement in TBARS levels and reduction in the levels of GSH and activities of SOD, catalase and GPx were found in UV-B-alone exposed mice, whereas the topical application of hypericin significantly ameliorated the UV-B- mediated oxidative stress and increased the antioxidant levels due to its potent antioxidant property. UV-B radiation exposure diminished the expression of ATG-5, Beclin-1 and LC3-II and enhanced the expression of p62 and LC3-I, whereas hypericin co-treatment attenuated these pathological changes due to its anticancer properties. However, more studies are required to evaluate the radioprotective role of hypericin by carrying out more research on the anti-apoptotic and anti-inflammatory effect of hypericin. 
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1. INTRODUCTION

The skin is considered a main barrier that shields organisms from the extreme environmental conditions like low or high temperature, ultraviolet solar radiation, and various types of pollution (Dobrzynska et al., 2016). Several living organisms may develop shells, pigments, hair, feathers, and scales to protect from UV radiation. These defense mechanisms are insufficient because of the progressive loss of the ozone layer because of the atmospheric release of artificial and toxic substances, which may lead to enhanced exposure of organisms to UV-B radiation. The vertebrates and invertebrates are at an enhanced risk of UV-B–induced toxic effects like DNA damage, nonmelanoma skin cancer, skin erythema, melanogenesis, oxidative stress, and immunosuppression (Matsumura and Ananthaswamy, 2004). 

Although solar radiation is involved in the synthesis of vitamin D, it was reported to enhance the synthesis of greater amounts of reactive oxygen species (ROS) in cells, leading to oxidative imbalance and resulting in various deleterious processes such as DNA mutations, lipid peroxidation, protein oxidation, and cell death (Ziech et al., 2011). These harmful effects are reduced by non-enzymatic antioxidants like glutathione (GSH) and the enzymatic antioxidants such as catalase, superoxide dismutase (SOD) and glutathione peroxidase (GPx), along with various hydroperoxides and hemoprotein peroxidases found in the epidermal layer, which serve as a secondary defense mechanism against UVB-induced ROS (Kelly et al., 1998). Autophagy offers protection against the oxidative imbalance by removing damaged proteins, lipids and DNA, thereby restoring metabolic balance (Wen et al., 2013). Autophagy can contribute to skin cancer directly or indirectly and its dysregulation may lead to skin cancer development. Beclin1, p62 and LC3-II are the common markers that reflect the notch of autophagy (Zhang et al., 2016).

Many radioprotective agents are reported to have limited clinical application due to concerns over systemic toxicity and short biological half-lives. This has intensified the search for safer, more effective compounds with optimal radioprotective properties, prompting a shift in focus toward naturally occurring dietary antioxidants. Numerous studies have highlighted the pharmacological potential of therapeutic plant extracts and their bioactive ingredients, demonstrating their neuroprotective, hepatoprotective, antioxidant, and anti-inflammatory activities. Earlier investigations on various medicinal plants have studied for their efficacy in mitigating genotoxicity induced by radiation and reducing mortality in experimental models (Rao and Rao, 2010).  Hypericum perforatum L., or St. John’s wort (SJW) is an herbal plant mainly found in Europe and Asia. SJW has been used as anti-astringent and anti-sedative agents and also used involved in the treatment of neuralgia, sciatica, excitability, fibrositis, menopausal neurosis, anxiety and depression conditions. It has also been used as nerve tonic and applied topically for wound healing (Barnes et al., 2001). 

Hypericin, a potent active compound of SJW, against metabolic dysfunction and unpredictable chronic mild stress-mediated depression (Zhai et al., 2015). This anthroquinone showed antitumor activity by its antineoplastic and photocytotoxic properties (Stanicova., 2018). Moreover, due to its immunomodulatory properties, it could synthesize interferon (Barathan et al., 2013). It can act as an antiviral agent against the human immunodeficiency virus, herpes virus, hepatitis C virus, bronchitis virus and novel duck reovirus. Hypericin is reported to have potent antibacterial and antioxidant properties (Zhang et al., 2020). This study aims to assess the radioprotective effect of hypericin against UV-B mediated oxidative stress and autophagy in mice.

2. MATERIAL AND METHODS

2.1 Chemicals and drugs
Hypericin, trichloroacetic acid, thiobarbituric acid, hydrochloric acid, sodium pyrophosphate buffer, n-butanol, phenazine methosulphate, nitroblue tetrazolium, NADH, phosphate buffer, acetic acid dichromate, EDTA, sodium azide, Ellman’s reagent, hydrogen peroxide, glutathione reductase, Tris buffer, and NADP were purchased from Sigma-Aldrich, Bangalore, Karnataka, India. Antibodies against Beclin-1, ATG- 5, LC3-I, LC3-II, GADPH and p62 were purchased from Cell Signaling Technology (Beverly, MA, USA) and β-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Other chemicals (of analytical grade) utilized were procured from Himedia, India. 
2.2 Animal

Male Swiss Albino mice (20–25 g) were maintained at CAH, Rajah Muthiah Medical College and Hospital, Annamalai University, Tamil Nadu under standard conditions with food and water ad libitum. All protocols were approved by the Institutional Animal Ethics Committee (Ethical clearance no. AU-IAEC/PR/1343/2/23), Annamalai University. 

2.3 UVB irradiation
Two days before the initiation of the experimental protocol, using a hair removing cream, the hair from the dorsal side of the mouse was removed.  A UV-B radiation lamp (180 mJ/cm2 s) is accurately placed above the table where the dorsal side of the skin removed mouse was exposed for UV radiation.  

2.4 Experimental protocol 

Animals were randomized and divided into six groups- Group I – control; group II – UV-B exposed for weekly thrice for 30 weeks (Balupillai et al., 2016); group III – UV-B (as group II) + hypericin (0.1%) treated; group IV- UV-B+ hypericin (0.2%) treated; group V – UV-B+ hypericin (0.4%) treated and group VI – hypericin (0.4%) alone treated.  As UVB exposure induces skin injuries, topical application of the drug is carried out. 

After the end of the experimental period, mice were anaesthetized (ketamine hydrochloride; i.p injection) and sacrificed by standard protocol. Skin samples (250 mg) were collected and washed with saline solution. By using phosphate buffer, tissues were homogenized under cooling condition with the help of pestle and mortar, and then centrifuged.  The separated supernatant was utilised for several biochemical estimations.
2.5 Biochemical assays

2.5.1 Estimation of TBARS
About 0.5 ml of skin homogenate was added with same volume of dd water, and treated with TBA-TCA-HCl mixture was added. Then, the tubes were placed in a hot water bath and cooled. The mixture was centrifuged and the supernatant was collected. The OD was read at 535 nm (Niehaus and Samuelsson, 1968). 
2.5.2 Assay of SOD activity
For the estimation of the SOD activity, 0.5 ml of skin lysate was treated with chilled ethanol and chloroform. The tubes were mixed properly for 90 sec and then centrifuged. Sodium pyrophosphate buffer, nitroblue tetrazolium and phenazine methosulphate were added to the supernatant. By adding NADH, the reaction was started. The tubes were incubated for 1.5 mins at room temperature. Then glacial acetic acid is added to stop the reaction and mixed thoroughly with n-butanol. The tubes were kept undisturbed for 10 mins and centrifuged. The absorbance was read at 510 nm using supernatant solution (Kakkar et al., 1984). 

2.5.3 Assay of catalase activity
For assay of catalase activity, tissue homogenate was added with PBS and hydrogen peroxide. By adding the mixture of acetic acid dichromate, the reaction was stopped at 15, 30, 45 and 60 secs, and the mixture was kept in a hot water bath for 10 mins. The OD was measured at 620 nm (Sinha, 1972). 

2.5.4 Assay of GPx activity

The GPx activity was assayed by mixing tissue homogenate with Tris buffer, sodium azide, and EDTA. Then, GSH and H2O2 were added, and kept at room temperature for 10 mins. By adding TCA, the reaction was stopped, centrifuged and collected supernatant was measured at 340 nm (Rotruck et al., 1973). 

2.5.5 Estimation of GSH
For the estimation of GSH, skin homogenate was added with TCA solution for the precipitation of proteins. The mixture was centrifuged, and supernatant was collected. To the supernatant, Ellman’s reagent and disodium hydrogen phosphate buffer was added. The yellow color formed was read at 412 nm (Ellman, 1959). 

2.6 Western blot studies

The skin tissues were obtained and kept immediately in a -80℃ freezer. Tissues were homogenized using RIPA buffer (ice cold condition). Then, centrifugation was carried out in a cooling centrifuge for 10-20 mins at 12,000 rpm. Then supernatant was procured and the protein amount was estimated by Lowry et al., (1951) method. Processed tissue homogenate containing 40 µg of protein was placed in a SDS-PAGE gel to perform gel electrophoresis. The proteins were transferred to a PVDF membrane with the help of a transfer unit (Bio-Rad, Hercules, CA, USA). The 5% non-fat milk in TBST buffer was used to block the membrane and incubated for 12 h with the primary antibodies: p62, LC3-I, beclin-1, LC3-II, ATG-5 and GAPDH anti-rabbit monoclonal antibody (1:1000) Cell Signalling Technologies, USA) separately. The membranes were soaked with HRP conjugated secondary anti-rabbit (1:1000), after washing thrice with TBST.  Blots were scanned by C-Digit Blot Scanner followed by proper washing with TBST. The OD of each band was quantified after standardizing the protein levels against GAPDH.

2.7 Statistical analysis

All data were expressed as mean ± SEM. One-way analysis of variance (ANOVA) was used to assess the statistical significance using SPSS version 11.5 (SPSS, Cary, North Carolina, USA). Duncan's multiple range test (DMRT) was used for the individual comparison, and a p value of less than 0.05 was deemed significant.
3. RESULTS AND DISCUSSION 

3.1 Hypericin inhibits UVB-mediated lipid peroxidation in the mice skin
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Fig. 1 Increased TBARS levels were observed in UVB-exposed animals, whereas hypericin pretreatment dose dependently reduced the TBARS levels significantly. Values are mentioned as mean ± SEM of 6 animals in each group. The values not having the same alphabet vary significantly at p < 0.05.
The TBARS levels in skin tissues of each group of animals were shown in Figure 1. The TBARS levels were significantly enhanced in UV-B exposed mice when compared to untreated mice. Topical application of hypericin dose dependently and significantly diminished the levels of TBARS in UV-B exposed animals. No significant alterations in the levels of TBARS were found between group I and group VI mice.  

3.2 Hypericin treatment prevents UV-B-induced alteration in the levels and activities of antioxidants

The levels of GSH and the activities of enzymatic antioxidants in skin tissues of each group of animals were shown in Figures 2, 3, 4 and 5. The levels of GSH and activities of SOD, GPx and catalase were considerably diminished in skin tissues of UV-exposed mice (group II) when compared with control mice. Topical application of hypericin to UV-exposed animals substantially and dose dependently enhanced the levels of GSH and activities of enzymatic antioxidants as compared to UV-alone-exposed animals. Mice exposed to hypericin (group VI) displayed no marked alterations in the levels of GSH and activities of enzymatic antioxidants when compared with control mice (group I). 
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Fig. 2, 3, 4 and 5 Impact of hypericin and/or UV-B exposure on the levels of GSH and activities of SOD, catalase and GPx in mice skin tissue homogenates. Reduced antioxidant activities and levels of GSH were observed in mice skin exposed to UV-B. Hypericin treatment dose dependently and significantly prevented UV-B-induced depletion of antioxidants as compared with UV-B alone exposed mice (p<0.05). Values are given as mean ± SEM of 6 animals in each group. The values not having the same alphabet vary significantly at p < 0.05.

3.3 Protein Expression Studies of Autophagic Markers
The UVB exposure enhanced the expression of p62 and LC3-I and diminished the expression of beclin 1, LC3-II and ATG-5 significantly in skin tissues of mice as compared to control animals (Figure 6 A, B and C). The topical application of hypericin to UVB exposed animals showed significantly diminished expression of p62 and LC3-I and increased expression of beclin 1, LC3-II and ATG-5 as compared to UVB alone exposed animals. No significant alterations were found in the expression of autophagic markers between the group I and group VI animals.
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Fig. 6 A, B and C Effect of hypericin and/or UV-B exposure on the protein expression of autophagic markers in mice skin tissue homogenates. Values are given as mean ± SEM of 6 animals in each group. The values not having the same alphabet vary significantly at p < 0.05.

4. DISCUSSION
The results of the present investigation indicated the dose-dependent protective effect of hypericin against UVB-mediated skin lesions. UVR persuades the excess ROS production, directly or indirectly, by photosensitization responses (Darr & Fridovich, 1994), thereby enhancing the lipid peroxidation process and also TBARS levels. Lipid peroxidation is reported as the key mechanism for the photodamage induced by UV-B in skin (Anjugam Chandrakesan et al., 2018).  Measurement of skin tissue TBARS is used to quantify the level of tissue damage in various diseased conditions. Our results indicated that the repeated UV exposure on the skin could account for increased TBARS, which is corroborated with previous study (Balupillai et al., 2016). Hypericin treatment reduced the MDA (a by-product of lipid peroxidation process) level in pancreatic homogenate of high fat/high sugar treated mouse (Liang et al., 2019) and skeletal muscle tissue of forced exercised mouse (Sun et al., 2022), which is consistent with our result. 

SOD is the primary antioxidant enzyme that converts the highly reactive and toxic superoxide anion to less toxic H2O2, and inhibits the synthesis of hydroxyl radicals, thereby reducing the deleterious effects of ROS. The SOD activity is effective if the reaction is followed by the activity of catalase or GPx, which converts H2O2 into H2O and O2. UV-B exposure mediated ROS production can directly induce the reduction of the antioxidants in our study. Exposure of UV radiation to skin leads to reduction of SOD in BALB/c mice (Cho et al., 2017), GPx and catalase in SKH-1 hairless mice (Sharma et al., 2017) and SOD, GPx and catalase in Swiss mice (Anjugam Chandrakesan et al., 2018), which is correlated with our results.  Previous studies demonstrated that the UV-B mediated decreased SOD activity may leave the cell vulnerable to oxidative stress (Mishra et al., 2017). It has been reported that UV -A and B radiation decreased catalase and GPx activities in the skin of the mice (Shindo et al., 1993). During the detoxification of excess superoxides, that are formed due to the effect of UV radiation, the GPx becomes inactive by changing into selenic acid and selenosulphide forms. Previous studies indicated that the exposure of UV radiation (Shindo et al., 1993) induces oxygen-dependent decomposition of any one of the four heme groups, leading to loss of catalase activity. The reduced activities of catalase and GPx lead to decreased breakdown of hydrogen peroxide. 
Hypericin treatment enhanced the activities of SOD and GPx in pancreatic homogenate of high-fat/ high-sugar treated mice (Liang et al., 2019) and skeletal muscle tissue of forced-exercise mice (Sun et al., 2022), which corroborates with our study. Moreover, hypericin enhanced the SOD, GPx and catalase activities on three different types of melanoma cells. GSH is the key non-enzymatic antioxidant that is able scavenge free radicals directly and also helps in the maintenance of other antioxidants (vitamins C and E) in its reduced form (Mishra et al., 2012). UV-B exposed diminished the levels of GSH indicating a severe impairment in the antioxidant levels in cutaneous tissue. Decreased level of reduced glutathione in tissues is probably due to its utilization by the tumor tissue or to fight the toxic effects of lipid peroxidation.  In the present investigation, reduced GSH levels were reversed by the hypericin treatment. 

Autophagy shows a dual effect in skin cancer, which is influenced by stage, type, microenvironment and genetic background of cancer (Ali et al., 2024). In most cases, autophagy commonly plays a suppressive role by diminishing the damaged organelles and controlling genetic instability and cell proliferation (Khandia et al., 2019). The reduced Beclin 1, ATG-5 and LC3 expression (autophagic markers) were found in the early phase of melanoma, which is supported by our results and other studies (Arani et al., 2021; Di Leo et al., 2020). LC3 is needed for the synthesis of autophagosomes, in which the conversion of LC3-I to LC3 II is a key step in this process, as LC3- II is procured to the membrane of autophagosome. Along with ATG5, ATG12 and ATG16L1 forms a complex which is needed for the fusion of LC3 to phosphatidylethanolamine, forming LC3-II, which is a marker of active autophagy. Beclin 1 acts as a scaffold for assembling the PI3KC3 complex, which is vital for the biogenesis of autophagosomes (Tanida et al., 2008; Iriondo et al., 2023). LC3-I is a soluble and cytosolic protein that is cleaved and form LC3-II during autophagy. An enhancement in the LC3-I to LC3-II ratio indicates a decrease in the amount of autophagosomes and thus reduced autophagic activity.  Enhanced level or expression of p62 and autophagy have been shown in numerous cancers and neurodegenerative diseases. An enhanced expression of p62 can illustrate the diminished autophagic processes, which may contribute to the pathogenesis of these diseases. Our results demonstrated the diminished expression of ATG-5, beclin 1 and LC3-II and enhanced expression of LC3-I and p62 found in UV-exposed mice, showing the reduction in autophagy.
Several medications, including plant extracts, phytochemicals, semi-synthetic and synthetic compounds with the capacity to destroy cancer cells may trigger autophagy by modulating the expression of ATG-5, beclin 1, LC3-II, p62 and LC3-I (Rahman et al., 2021, Ahmed et al., 2024). Hypericin induces autophagy by generating ROS, disturbing the cell organelles like the endoplasmic reticulum, and inducing stress pathways like TRIB3/CHOP/mTOR, which in turn initiate autophagy for cell clearance, thereby promoting cell death (Lin et al., 2017).

5. CONCLUSION

Topical application of hypericin dose-dependently and substantially attenuated the oxidative stress and autophagy in mice exposed to UV-B. Our results suggested that the protective effect of the hypericin partially may be due to its antioxidant and autophagy inducing function during UV-induced skin carcinogenesis. But further research is required to study the exact protective mechanism of hypericin by performing anti-inflammatory and antiapoptotic indices. 
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