
Protective Effects of Vanillic Acid Against UV-Induced Oxidative Stress and Behavioral Impairments in Drosophila melanogaster
Abstract
Ultraviolet (UV) radiation is a potent environmental stressor that induces oxidative damage and disrupts physiological functions through the excessive generation of reactive oxygen species (ROS). The present study investigated the protective effects of vanillic acid against UV-induced oxidative stress and behavioural impairments in Drosophila melanogaster. Adult wild-type flies were assigned to four groups: control, UV-treated, UV-treated plus vanillic acid, and vanillic acid alone. Vanillic acid was administered through the diet for 14 days, while UV exposure was applied daily for seven consecutive days. Behavioural performance was assessed using negative geotaxis, phototaxis, smell chemotaxis, taste chemotaxis, thermotaxis, and hygrotaxis assays. Oxidative stress was evaluated by measuring thiobarbituric acid reactive substances (TBARS), protein carbonyl content, and superoxide dismutase (SOD) activity. UV exposure significantly impaired locomotor and sensory behaviours and increased oxidative stress, as evidenced by elevated TBARS and protein carbonyl levels and reduced SOD activity. Dietary supplementation with vanillic acid markedly improved behavioural responses in UV-treated flies, restoring phototactic, chemotactic, thermotactic, and hygrotactic performance towards control levels. Vanillic acid treatment also significantly reduced lipid peroxidation and protein oxidation while enhancing antioxidant enzyme activity. Flies treated with vanillic acid alone exhibited behavioural and biochemical profiles comparable to those of the control group. These findings demonstrate that vanillic acid effectively attenuates UV-induced oxidative stress and associated neurobehavioural dysfunctions in D. melanogaster, highlighting its antioxidant and neuroprotective potential. The study supports the use of vanillic acid as a promising natural compound for mitigating oxidative stress–mediated physiological impairments.
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INTRODUCTION
The fruit fly, Drosophila melanogaster, is one of the most powerful and versatile model organisms in modern biological research (Giansanti et al., 2025). Owing to its well-annotated genome, short life cycle, low maintenance cost, and extensive genetic toolkits, D. melanogaster has contributed fundamentally to advances in genetics, developmental biology, circadian biology, neuroscience, and disease modelling. Comparative genomic analyses reveal that approximately 60% of the Drosophila genome is conserved with humans, and nearly 75% of human disease-associated genes possess functional homologues in flies, underscoring its translational relevance (Adams et al., 2000; Tickoo & Russell, 2002).
Drosophila exhibits well-defined and quantifiable responses to environmental stimuli such as light, temperature, humidity, gravity, sound, and chemical cues. These sensory modalities are mediated through specialised neural circuits governing attraction or avoidance behaviours, depending on stimulus intensity and quality (Vang et al., 2012). Alterations in such behavioural outputs often reflect underlying physiological stress, neurological dysfunction, or metabolic imbalance. In mammalian systems, chronic oxidative stress is known to induce neurochemical, endocrine, immune, and behavioural alterations, frequently accompanied by cognitive impairment (Antoni et al., 2006). Similar stress-induced behavioural abnormalities have been linked to oxidative damage in experimental models (Bonilla et al., 2012; Subramanian et al., 2014). In Drosophila, susceptibility to acute oxidative stress exhibits circadian rhythmicity under light–dark cycles, which is abolished under constant light conditions (Krishnan et al., 2008). Additionally, flies with impaired circadian photoreception fail to maintain rhythmic antioxidant responses, further emphasising the importance of clock-controlled mechanisms in oxidative stress regulation (Subramanian et al., 2014). Elevated levels of reactive oxygen species (ROS) in the adult gut are sufficient to induce intestinal stem cell proliferation and tissue remodelling, although the precise molecular link between oxidative signals and mitogenic pathways remains unclear (Xu et al., 2017). Insights gained from Drosophila studies have substantially advanced regenerative biology and hold promise for future translational applications (Jennings, 2011).
Recent studies in Drosophila indicate that environmental stress can increase reactive oxygen and nitrogen species and engage antioxidant defence responses, while antioxidant intake can also modify stress-associated redox and physiological outcomes (Bomble & Nath, 2024; Hwang et al., 2025).
Experimental work with the flavonoid taxifolin has likewise used D. melanogaster to evaluate antioxidant responses under induced oxidative stress (Vijayalakshmi et al., 2026). More broadly, phenolic acids and other antioxidant phytochemicals have been discussed as potential modifiers of oxidative damage associated with environmental toxicants (Marcel et al., 2025).
A specific research gap therefore concerns the integrated assessment of dietary vanillic acid against UV-induced oxidative stress in D. melanogaster using both behavioural endpoints and oxidative stress biomarkers under the same experimental conditions. In particular, the present manuscript examines whether protection of locomotor and sensory responses is accompanied by changes in lipid peroxidation, protein oxidation, and SOD activity.
Accordingly, the present study investigates the influence of oxidative stress on behavioural and cognitive functions in D. melanogaster, with particular emphasis on its interaction with circadian regulation and physiological stress responses. Oxidative stress, arising from an imbalance between reactive oxygen species production and antioxidant defences, is a major contributor to neural dysfunction and behavioural impairment across organisms. Circadian rhythms play a crucial role in regulating metabolism, neuronal activity, and stress responses, and disruptions to these rhythms can enhance susceptibility to oxidative damage. Hence, the present study aimed to evaluate the protective effects of vanillic acid against UV-induced oxidative stress by assessing behavioural responses and antioxidant biomarkers in                     D. melanogaster.
MATERIALS AND METHODS
Fly stocks and maintenance
Wild-type (WT) Drosophila melanogaster were used in the present study. Flies were obtained from the Drosophila Stock Centre, University of Mysore, Mysore, India. Cultures were maintained at 20–25 °C under controlled laboratory conditions with a 12:12 h light:dark photoperiod. Flies were reared on a standard yeast–maize powder–sucrose medium supplemented with nepagin as an antifungal agent and maintained at 21 ± 2 °C throughout the experimental period.
Experimental design and treatment
Adult flies were randomly assigned to four experimental groups: Group I, untreated wild-type control; Group II, UV light–treated; Group III, vanillic acid–treated (0.01%) flies exposed to UV light; and Group IV, vanillic acid–treated (0.01%) flies without UV exposure. Vanillic acid was administered through the food medium for 14 consecutive days. At the end of the treatment period, flies (n = 20 per group) were collected at 10 h intervals for behavioural and biochemical analyses.
UV irradiation
For UV exposure, flies were anaesthetised using cotton soaked with diethyl ether. Groups of 20 flies were placed in culture vials and exposed to ultraviolet radiation using an Eliante UV light sterilizer disinfectant (11 W) for 20–30 min daily for seven consecutive days. Control and vanillic acid–alone groups were not exposed to UV radiation.
Behavioural assays
Behavioural assays were carried out in control and experimental flies following the protocols of Vang et al. (2012) and Neckameyer and Bhatt (2016), with minor modifications, to evaluate negative geotaxis, phototaxis, smell chemotaxis, taste chemotaxis, thermotaxis, and hygrotaxis. Negative geotactic behaviour was assessed using a vertical glass column (15 cm length × 1.5 cm diameter), in which anaesthetised flies were gently tapped to the bottom and the number of flies climbing beyond 13 cm within 60 s was recorded. Phototaxis was evaluated using two interconnected vials (15 cm × 1.5 cm) divided into three equal compartments, in which approximately 25 flies were acclimatised in darkness for 30 min and then exposed to a light source placed 5 cm from the vial; fly distribution was recorded after 1 min. Smell chemotaxis was assessed using benzaldehyde as a volatile repellent. Flies were introduced into interconnected vials with a cotton plug soaked in 1 mL of 100 mM benzaldehyde placed in the terminal compartment, and fly distribution was recorded after 1 min. Taste chemotaxis was evaluated using sucrose as a non-volatile attractant. A cotton plug soaked in 1 mL of 0.1% sucrose solution was placed at one end of a compartmentalised test tube, and fly distribution was recorded after 1 min. Thermotactic behaviour was assessed using two interconnected vials, one maintained at 45 °C; the number of flies in each compartment was recorded after 1 min of exposure. Hygrotaxis was evaluated by connecting a moisturised vial, previously filled with distilled water and incubated overnight, to a vial containing flies, and fly distribution was recorded after 1 min. For all assays, 20–25 adult flies were used, experiments were performed in triplicate, and results were expressed as mean ± SD.
Biochemical estimations
Biochemical estimations were carried out to evaluate oxidative stress markers in the experimental tissues. Lipid peroxidation was determined by estimating thiobarbituric acid reactive substances (TBARS) following the method of Niehaus and Samuelsson (1968), wherein tissue homogenates were prepared in 0.025 M Tris–HCl buffer (pH 7.5), reacted with TBA–TCA–HCl reagent, heated, and centrifuged; the absorbance of the resulting supernatant was then measured at 535 nm; TBARS levels were expressed as µmol mg⁻¹ protein. Superoxide dismutase (SOD) activity was assayed according to Kakkar et al. (1984) based on the inhibition of nitroblue tetrazolium (NBT) reduction, with the absorbance recorded at 560 nm, and one unit of SOD activity was defined as the amount of enzyme required to cause 50% inhibition of NBT reduction per minute, expressed as units min⁻¹ mg⁻¹ protein. Protein oxidation was assessed by estimating protein carbonyl content using a DNPH-based colourimetric method, in which the formed protein hydrazones were quantified spectrophotometrically at 360–385 nm and the results were normalised to the protein concentration.
Statistical analysis
All data were expressed as mean ± standard deviation (SD). Statistical analyses were performed using SPSS version 22.0 (IBM Corporation, New York, NY, USA). Homogeneity of variance was tested prior to analysis, and statistical significance was evaluated at p < 0.05.

RESULTS
Behavioural assays
Negative geotaxis
Exposure to UV radiation resulted in a significant decline in negative geotaxis performance compared with the wild-type control group (p < 0.05). The UV + vanillic acid group also exhibited reduced climbing ability relative to the control group and did not improve compared with UV-treated flies. Vanillic acid alone produced negative geotaxis responses comparable to those of the control group (p > 0.05) (Table 1).
Table 1. Negative geotaxis (%) in Drosophila melanogaster
	Group
	Negative geotaxis (% ± SD)

	WT (Control)
	87.3 ± 12.7

	UV treated
	80.4 ± 11.4*

	UV + Vanillic acid
	72.3 ± 13.8*

	Vanillic acid alone
	92.6 ± 14.3


Values are expressed as mean ± SD. * indicates significant difference at p< 0.05 (DMRT).
Phototaxis
Under control conditions, a significantly greater proportion of flies migrated towards the light source (compartment I). This phototactic response was markedly reduced in UV-treated flies, with a higher number of flies remaining in compartment II (p < 0.05). In contrast, UV-exposed flies treated with vanillic acid demonstrated a significant recovery of phototactic behaviour, with increased movement towards compartment I compared with UV-treated flies (p < 0.05). Vanillic acid alone did not significantly alter phototactic behaviour relative to the control group (p > 0.05; Table 2).

Smell chemotaxis
Control flies exhibited strong avoidance of benzaldehyde, migrating predominantly to compartment III. This aversive response was significantly diminished in UV-treated flies (p < 0.05). However, UV-exposed flies receiving vanillic acid demonstrated a significant restoration of avoidance behaviour, with increased accumulation in compartment III (p < 0.05). Flies treated with vanillic acid alone displayed chemotactic responses similar to the WT control group.
Taste chemotaxis
A higher proportion of control flies moved towards the sucrose-containing compartment (compartment I), whereas UV-treated flies demonstrated reduced attraction and increased presence in compartment III (p < 0.05). Vanillic acid supplementation restored sucrose-seeking behaviour in UV-treated flies, with responses comparable to controls (p > 0.05). Vanillic acid alone did not significantly alter taste chemotaxis.
Thermotaxis
Control flies predominantly avoided the heated compartment, migrating towards compartment I. UV exposure significantly impaired this thermotactic avoidance (p < 0.05). Vanillic acid treatment of UV-exposed flies significantly reversed this effect, restoring avoidance of the heated zone (p < 0.05). No significant differences were observed between flies treated with vanillic acid alone and controls.
Hygrotaxis
In the hygrotaxis assay, a significantly higher percentage of control flies migrated towards the humid compartment compared with UV-treated flies (p < 0.05). UV-exposed flies receiving vanillic acid demonstrated a marked increase in movement towards the humid zone (p < 0.05). Vanillic acid alone elicited hygrotactic behaviour comparable to the control group.





Table 2. Distribution (%) of flies in behavioral assays
	 
% of flies present in compartment
	Compartment I
(mean±SD)
	Compartment II
(mean±SD)
	Compartment III
(mean±SD)

	Behavioural assay
	
	
	

	Phototaxis

	WT (control)
	87.6±4.01
	22.3±3.61
	6.4±1.21

	UV treated
	72.8±4.52
	26.2±2.82
	10.6±2.02

	UV + Vanillic acid
	83.4±3.21
	27.6±3.21
	8.3±1.71

	Vanillic acid alone
	92.4±3.41
	24.2±4.51
	6.1±1.21

	Smell chemotaxis
	
	
	

	WT (control)
	25.6±5.0 2
	16.8±4.31
	90.8±3.21

	UV treated
	18.3±1.82
	24.5±3.12
	70.3±4.52

	UV + vanillic acid
	4.8±1.41
	18.3±3.71
	88.1±3.71

	Vanillic acid alone
	2.5±0.91 
	12.7±4.61
	92.6±2.81

	Taste chemotaxis
	
	
	

	WT (control)
	75.8±12.4 1
	19.4±5.31
	10.4±4.71

	UV treated
	68.7±7.62
	27.0±4.92
	17.3±6.82

	UV + vanillic acid
	86.2±6.31
	20.8±3.71
	12.8±4.91

	Vanillic acid alone
	84.6±8.91
	16.5±4.81
	10.5±4.11

	Thermotaxis
	
	
	

	WT (control)
	76.5±15.27 1
	7.4±1.11
	1.2±0.61

	UV treated
	62.6±6.52
	20.9±4.12
	8.5±2.92

	UV + vanillic acid
	79.1±6.21
	6.3±0.91
	1.6±0.81

	Vanillic acid alone
	76.2±7.21
	7.2±0.91
	1.2±0.51

	Hygrotaxis
	
	
	

	WT (control)
	60.0±15.01
	21.6±6.81
	7.3±2.31

	UV treated
	70.5±6.72
	26.3±5.22
	9.8±2.12

	UV + vanillic acid
	87.6±7.11
	22.7±5.41
	6.5±1.81

	Vanillic acid alone
	92.5±8.31
	20.6±5.81
	7.1±2.11


Values are expressed as mean ± SD. Values not sharing a common superscript differ significantly at p< 0.05 (DMRT).

Biochemical indices
The levels of lipid peroxidation, protein oxidation, and antioxidant enzymes in whole-body homogenates are summarised in Table 3. UV-treated flies exhibited a significant increase in thiobarbituric acid reactive substances (TBARS) and protein carbonyl content compared with WT controls (p < 0.05), indicating enhanced oxidative stress. Superoxide dismutase (SOD) activity was concurrently reduced in UV-treated flies.
Administration of vanillic acid to UV-exposed flies significantly reduced TBARS and protein carbonyl levels while restoring SOD activity (p < 0.05). Flies treated with vanillic acid alone displayed biochemical profiles comparable to those of control flies, with no significant differences observed (p > 0.05).
Table 3. Biochemical parameters in whole-body homogenates
	S.No
	Biochemical Parameter
	Group
	Whole body homogenate

	1.
	Protein carbonyl(nmole/mg protein
	WT (control)
	5.9±1.051

	
	
	UV treated
	9.2±2.462

	
	
	UV + Vanillic acid treated
	6.4±0.091

	
	
	Vanillic acid alone
	5.6±1.011

	2.
	Thiobarbituricacid reactive substances (TBARS)(nmole/mg protein) 
	WT (control)
	12.8±2.631

	
	
	UV treated
	18.0±3.852

	
	
	UV + Vanillic acid treated
	12.1±1.991

	
	
	Vanillic acid alone
	13.7±3.951

	3.
	Superoxide dismutase (SOD) (Unitanmole/mg protein)
	WT (control)
	12.1±2.011

	
	
	UV treated
	11.6±2.152

	
	
	UV + Vanillic acid treated
	18.3±3.021

	
	
	Vanillic acid alone
	20.8±3.291


Values are expressed as mean ± SD. Values not sharing a common superscript differ significantly at p< 0.05 (DMRT).
UV exposure induced oxidative stress as evidenced by elevated lipid peroxidation and protein oxidation, accompanied by impaired behavioural performance. These alterations likely contributed to deficits in locomotor activity, sensory responses, and cognitive behaviours. Treatment with vanillic acid markedly attenuated oxidative stress and restored both enzymatic and non-enzymatic antioxidant defences, resulting in normalisation of behavioural indices.
The reduction in TBARS and protein carbonyl levels following vanillic acid treatment suggests effective scavenging of reactive oxygen species (ROS), potentially attributable to the polyphenolic structure and hydroxyl groups of vanillic acid. Restoration of SOD activity further supports its protective antioxidant role. Collectively, these findings indicate that vanillic acid mitigates behavioural dysfunctions associated with UV-induced oxidative damage in D. melanogaster.
Discussion
Ultraviolet (UV) radiation is a well-established inducer of oxidative stress leading to marked physiological and behavioural impairments. DNA integrity is critical for normal cellular function, yet it remains highly vulnerable to environmental stressors such as UV radiation (Pray, 2008). Increased UV exposure, particularly UVB (290–320 nm), can induce direct DNA damage, including strand breaks and mutagenesis, thereby contributing to carcinogenesis (Sinha & Häder, 2002). Additionally, UV radiation promotes indirect DNA damage through excessive generation of reactive oxygen species (ROS), which can overwhelm cellular repair mechanisms (Ravanat et al., 2001). Drosophila melanogaster possesses a highly conserved antioxidant defence system (de Aguiar et al., 2016). In D. melanogaster, UV-induced oxidative stress has been shown to adversely affect lifespan, fertility, and tissue integrity. In the present study, UV-exposed Drosophila melanogaster exhibited significant alterations in behavioural parameters, indicating compromised cognitive and neuromotor functions. Oxidative stress has also been associated with impaired negative geotaxis, altered locomotion, and reduced sleep duration in flies (Hill et al., 2018; Hosamani & Muralidhara, 2009; Silveira et al., 2017). 
Vanillic acid is a naturally occurring phenolic compound with well-documented antioxidant and antitumour properties. This study provides novel evidence that vanillic acid (VA) supplementation significantly ameliorates behavioural dysfunction in a dose-dependent manner in UV-treated flies, highlighting its neuroprotective potential. The present findings demonstrated marked disruption of multiple behavioural indices, including negative geotaxis, phototaxis, olfactory and gustatory chemotaxis, thermotaxis, and hygrotaxis. Cognitive impairment is increasingly recognised as a consequence of cancer and associated metabolic disturbances (Huang et al., 2019). The observed behavioural deficits in carcinogenic flies suggest that oxidative stress progression may interfere with neural signalling and sensory integration. Notably, VA treatment restored these behavioural responses towards near-normal levels, indicating that suppression of oxidative stress burden may directly contribute to improved cognitive performance. Previous studies have demonstrated its ability to inhibit tumour proliferation in animal models and cancer cell lines by modulating key signalling pathways involved in oxidative balance, apoptosis, and cell survival (Hao et al., 2025; Taqvi et al., 2021; Yang et al., 2020; Zhang et al., 2018). 
VA supplementation, particularly at 0.01%, effectively restored antioxidant enzyme activities. VA administration in the present study significantly reduced lipid peroxidation markers, particularly thiobarbituric acid reactive substances (TBARS), in UV-treated flies. Elevated TBARS and lipid hydroperoxides in the flies are indicative of excessive ROS generation and membrane damage associated with hypoxia (Kasapoglu & Ozben, 2001; Weinberg et al., 2019). The reduction of these oxidative markers following VA treatment can be attributed to its strong ROS-scavenging activity, conferred by its hydroxylated phenolic structure. Vanillic acid exerts antioxidant effects both directly, by neutralising reactive oxygen and nitrogen species, and indirectly, by enhancing endogenous antioxidant defences while suppressing pro-oxidant pathways (Itoh et al., 2009). VA (0.01%) in this study effectively alleviated oxidative stress. The present findings are consistent with the study of Kani and Subramanian (2021), who reported that vanillic acid exhibited dose-dependent antioxidant and neuroprotective effects in D. melanogaster, with the 0.01% concentration providing the most effective protection against oxidative stress and behavioural impairments. In another study, Toraman and Karaman (2024) reported that vanillic acid effectively mitigated copper-induced oxidative damage in D. melanogaster by enhancing antioxidant defences and reducing oxidative stress biomarkers, thereby protecting flies from metal-induced toxicity. Similarly, Dai et al. (2024) demonstrated that Astragalus membranaceus and its bioactive compounds exert significant neuroprotective effects in Drosophila by alleviating oxidative stress, reducing reactive oxygen species accumulation, and enhancing antioxidant defence mechanisms, thereby protecting against neurodegenerative damage. Wong et al. (2021) demonstrated that melatonin supplementation significantly improved cognitive performance, reduced oxidative stress, and restored metabolic homeostasis in the tumour-prone lethal giant larvae mutant of D. melanogaster.
Previous studies have demonstrated tissue-specific variations in oxidative stress responses and antioxidant defences. Oxidative stress markers such as protein carbonyls, TBARS, protein thiols, and lipid peroxides were elevated in the haemolymph but comparatively reduced in head and intestinal tissues (Kuo et al., 2020; Weinberg et al., 2019). This variation may reflect cellular metabolic adaptations that regulate intracellular ROS levels through enhanced peroxide scavenging, while the haemolymph represents the cumulative systemic oxidative burden. In a previous study, reduced antioxidant enzyme activities across tissues were reported, further indicating rapid consumption of antioxidant reserves under oxidative stress conditions (Gaya-Bover et al., 2020). 
Conclusion
The present investigation demonstrates that exposure to UV radiation induces significant oxidative stress and behavioural impairments in Drosophila melanogaster. UV-treated flies exhibited altered locomotor and sensory behaviours, increased lipid peroxidation and protein oxidation, and reduced antioxidant enzyme activity, indicating a strong association between oxidative stress and UV-induced physiological and behavioural dysfunctions.
Vanillic acid supplementation significantly mitigated these adverse effects by enhancing antioxidant defence mechanisms and reducing oxidative damage. The observed decrease in thiobarbituric acid reactive substances and protein carbonyl content, together with improved superoxide dismutase activity, provides evidence for the antioxidant and cytoprotective properties of vanillic acid. Furthermore, the improvement in locomotor activity and sensory behavioural responses suggests that protection against oxidative stress contributes to the restoration of normal physiological functions.
Overall, the findings indicate that vanillic acid can effectively counteract UV-induced oxidative stress and its associated behavioural abnormalities in Drosophila melanogaster. The study highlights the usefulness of D. melanogaster as a model for investigating oxidative stress–mediated biological effects and suggests the potential of vanillic acid as a natural antioxidant for reducing oxidative stress–related cellular and behavioural damage. Further studies focusing on underlying molecular mechanisms and dose-dependent responses are needed to better understand its mode of action and broader biological significance.
Limitation 
This study was conducted in adult wild-type Drosophila melanogaster using a single vanillic acid concentration (0.01%) and a defined UV exposure regimen. The findings are therefore specific to these experimental conditions. Whole-body biochemical measurements and selected behavioural endpoints do not resolve tissue-specific or molecular mechanisms. Further studies using additional vanillic acid concentrations, mechanistic endpoints, and complementary experimental models would help define the concentration-response relationship and biological basis of the observed protective effects.
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