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INTRODUCTION 

 

The circadian timing system represents one of the most 

fundamental biological processes governing life on 

Earth, orchestrating a complex network of molecular, 

physiological, and behavioral rhythms that synchronize 

organisms with their environment (Takahashi, 2017; 

Fagiani et al., 2022). This endogenous timekeeping 

mechanism, driven by approximately 24-hour oscilla-

tions, regulates critical functions including sleep-wake 

cycles, hormone secretion, metabolism, and cellular 

repair processes. At the molecular level, circadian 

clocks are governed by transcriptional-translational 

feedback loops involving core clock genes such as 

Clock, Bmal1, Period (Per1, Per 2, Per3), and Crypto-

chrome (Cry1 and Cry2), along with Rev-erbs and 

RoRs which create rhythmic gene expression patterns 

that coordinate downstream physiological processes 

(Partch et al., 2014). 

Light-dark cycles serve as the primary environmental 

zeitgeber that entrains circadian rhythms, ensuring 

proper synchronization between internal biological 

clocks and external environmental conditions (Reid et 

al., 2014). Recent research has demonstrated that the 

circadian clock is optimal when photoperiod is coupled 

with regular feeding during daylight hours, highlighting 

the intricate relationship between photic and metabolic 

cues in maintaining temporal homeostasis (Thraya et 

al., 2025). The timing of feeding has emerged as a 

powerful non-photic zeitgeber capable of entraining 

peripheral circadian clocks independently of central 

pacemakers (Morbiato et al., 2019). Feeding times con-
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trol mutually inclusive physiological events by affecting 

metabolic homeostasis (a direct effect) and/or by their 

synchronization effects on the underlying circadian 

rhythms (an indirect effect) (López-Olmeda and 

Sánchez-Vázquez, 2011). This temporal regulation of 

nutrient intake is crucial for optimal metabolic function, 

as it coordinates digestive processes, hormone release, 

and energy metabolism with anticipated feeding periods 

(Hatori et al., 2012). 

The disruption of natural circadian rhythms has become 

increasingly prevalent in modern society, particularly 

through shift work and irregular lifestyle patterns. Shift 

work, which affects millions of workers globally, impos-

es chronic circadian misalignment by forcing activity, 

feeding, and light exposure during periods when the 

internal biological clock expects rest and darkness 

(Boivin et al., 2023). Emerging studies have consistent-

ly demonstrated that relative to normal daytime work-

ers, shift workers experience elevated oxidative stress, 

compromised antioxidant defenses, and increased met-

abolic dysfunction (Teixeira et al., 2019; Demir et al., 

2021; Zou et al., 2023). Recent systematic reviews 

have indicated that shift work disrupts circadian cycles 

and misaligns endogenous rhythms, leading to impaired 

metabolic functions and increased propensity for meta-

bolic disorders (Schettini et al., 2023). 

Similarly, social jetlag—the misalignment between 

sleep-wake times on workdays versus free days—

affects up to 70% of the population worldwide and rep-

resents a more subtle but widespread form of circadian 

disruption (Dial et al., 2025). Recent research has re-

vealed that social jetlag potently disrupts circadian 

rhythms and is associated with increased risk for cardi-

ometabolic diseases, altered gut microbial composition, 

and impaired exercise-induced mitochondrial adapta-

tions (Dial et al., 2025; Beaumont et al., 2023). A large-

scale cohort study demonstrated that social jetlag af-

fects diet quality, postprandial metabolism, and gut mi-

crobiome diversity, establishing clear links between 

circadian misalignment and metabolic health parame-

ters (Beaumont et al., 2023). 

The metabolic consequences of circadian disruption are 

particularly concerning, as they affect multiple physio-

logical systems simultaneously. Recent evidence 

shows that shift workers have significantly lower levels 

of antioxidant defenses and higher levels of oxidative 

stress damage compared to day workers, with social 

jetlag serving as a critical mediator of these effects 

(Teixeira et al., 2019; Kyung et al., 2025). These find-

ings underscore the critical importance of maintaining 

proper circadian alignment for metabolic health and 

overall well-being (Bass and Takahashi, 2010; Liu et 

al., 2022). 

Total protein levels serve as indicators of overall meta-

bolic status and protein synthesis capacity, which follow 

distinct circadian patterns influenced by feeding timing 

and photoperiod (Khapre et al., 2011). Blood glucose 

regulation is fundamentally tied to circadian rhythms, 

with glucose tolerance exhibiting marked diurnal varia-

tion under normal conditions (Morris et al., 2015). Re-

cent studies have confirmed that disruption of these 

rhythms leads to impaired glucose homeostasis and 

increased diabetes risk, particularly in shift workers 

(Schettini et al., 2023). Nitric oxide (NO) levels reflect 

vascular function and inflammatory status, with NO 

synthesis showing circadian oscillations that can be 

disrupted by irregular light-dark cycles and feeding pat-

terns (Zhao et al., 2016). The antioxidant enzymes su-

peroxide dismutase (SOD) and catalase represent criti-

cal cellular defense mechanisms against oxidative 

stress, with their activity patterns normally synchro-

nized to anticipate periods of increased metabolic activ-

ity and potential oxidative damage (Demir et al., 2021; 

Zou et al., 2023). 

Despite extensive research on circadian rhythms and 

metabolism, significant gaps remain in our understand-

ing of how combined photoperiodic and feeding disrup-

tions affect biochemical and metabolic parameters. 

Most previous studies have examined either light-dark 

cycle alterations or feeding pattern changes in isolation, 

failing to capture the complex interactions that occur 

when both zeitgebers are simultaneously disrupted—a 

situation that closely mimics real-world shift work condi-

tions (Potter et al., 2016; Boivin et al., 2023). Further-

more, while the individual effects of circadian misalign-

ment on various metabolic parameters have been doc-

umented, comprehensive studies examining multiple 

biochemical markers simultaneously in response to 

combined photoperiodic and nutritional challenges re-

main limited (Zimmet et al., 2019; Schettini et al., 

2023). 

The findings from the present study will enhance the 

present understanding of the mechanistic relationships 

between circadian disruption, metabolic dysfunction, 

and oxidative stress, potentially informing strategies for 

mitigating the adverse health effects associated with 

shift work and social jetlag (Kyung et al., 2024).  

The present study examined the combined impact of 

binge eating-like behaviour and altered photoperiods 

on the metabolic and biochemical profiles of zebrafish 

(Danio rerio), intending to understand the synergistic 

effect of circadian misalignment in light and food cues. 

The biochemical parameters examined in this study 

represent key markers of metabolic function and cellu-

lar health that are particularly sensitive to disruptions in 

the circadian rhythm. 

 

MATERIALS AND METHODS 

 

Zebrafish maintenance 

Adult zebrafish (Danio rerio) were procured from an 

authorized supplier and maintained in standard labora-

tory conditions for two weeks. The water temperature 

was maintained at 28 ± 1 °C, and 14-hour (h):10 h Light 

(L)-Dark (D) cycles were maintained in the laboratory. 

The fish were fed once a day with standard micropel-
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lets (Champion premium fish feed), which contain fish 

meat, wheat flour, soybean meal, fish oil, vitamins, and 

phosphorus. The tanks were aerated for 24 hours be-

fore fish were introduced, and aeration was maintained 

throughout the acclimation and experimental periods.  

 

Animal ethical approval 

All experiments were conducted in accordance with the 

guidelines for Experimentation on Fishes (CPCSEA, 

2021) and in compliance with the Institutional Animal 

Ethics Committee (IAEC) guidelines. 

 

Photoperiod alterations and excessive feeding 

The fish in the control tank were exposed to standard 

photoperiodic conditions (14 h:10 h L-D cycles) and the 

fish in the experiment tank were exposed to altered 

photoperiodic conditions (20 h: 4 h L-D cycles). The 20 

h: 4 h L-D cycle represents a significant extension of 

the light phase, known to robustly disturb circadian reg-

ulation and mimic environmental light pollution or shift 

work, while 14 h: 10 h L-D cycles closely resemble nat-

ural day-night conditions for zebrafish (López‐Olmeda, 

2006). The fish in the control tank were fed with normal 

fish food once a day (at 9 AM) and the fish in the exper-

iment tank were fed with an excess amount of food 

three times a day (at 9 AM, 4 PM, and 10 PM). The 

control and experimental groups were exposed to the 

respective L-D and feeding regimen for two weeks.  

 

Biochemical analysis  

All the biochemical assays were done in triplicate from 

the control and experimental groups (n = 5). The pa-

rameters measured included total protein concentra-

tion, glucose levels, nitric oxide (NO) levels, superoxide 

dismutase (SOD) activity, and catalase (CAT) activity. 

These tests were selected to evaluate the metabolic 

profile and oxidative stress response in zebrafish ex-

posed to altered photoperiods and feeding regimes. 

 

Protein estimation 

The fish homogenate was prepared in phosphate-

buffered saline (PBS) (0.1 M, pH 7.4). 0.5 g of muscle 

tissue was weighed, and to this, 0.5 mL of 0.1 M PBS 

buffer was added and homogenized using a micro pes-

tle. The homogenate was centrifuged at 4‐ at 10,000 

rpm for 10 minutes. The supernatant was used for fur-

ther tests. Protein estimation was carried out by modi-

fied Lowry’s method (Peterson, 1977). The protein 

working standard of 1 mg/mL bovine serum albumin 

was prepared. This was pipetted to a series of 6 test 

tubes labelled as 0.0, 0.2, 0.4, 0.6, and 0.1 mL. The 

fish homogenate of 0.3 mL from each fish was pipetted 

into different test tubes. All the test tube volumes were 

made up to 1 mL with distilled water. A tube with 1 mL 

of distilled water was taken as a blank. To all the test 

tubes, 5 mL of Lowry’s reagent was added, including 

the one labeled as blank and unknown. The contents in 

the test tubes were vortexed and incubated for 10 

minutes. To the solution, 0.5 mL of Folin Ciocalteu rea-

gent was added, mixed well, and allowed to stand for 

30 minutes in the dark until a blue color developed. 

The absorbance at 660 nm was taken using a UV-

Visible spectrophotometer (SHIMADZU, UV 1800). The 

absorbance values were noted, and a standard curve 

was plotted by taking the amount of protein along the X

-axis and absorbance along the Y-axis. The unknown 

concentrations were found using the standard graph 

equation in MS Excel. 

 

Blood glucose estimation 

The amount of blood glucose was determined using a 

glucometer (Dr. Morepen BG-03 Gluco One Glucome-

ter) as per the manufacturer’s instructions. Blood was 

drawn from the tail of the fish (n = 5 in each group). 

Before collecting blood, the fish were anaesthetized 

using ice-cold water and the anaesthetized fish were 

transferred to a petri plate. Using a sharp steel blade, 

the tail end of the fish was cut and the fish was trans-

ferred to an Eppendorf tube and centrifuged at 200 rpm 

for 5 minutes. The blood collected was immediately 

used for glucose determination (Pedroso, 2012). 

 

Nitric oxide estimation 

The nitric oxide levels were determined by Griess as-

say (Yucel et. al., 2012). The fish homogenate was 

prepared using the salt alkaline method (Hanne K. 

Mæhre, 2016). The estimation of nitric oxide was done 

in triplicates in 96-well flat-bottomed microplates. To 

prepare the homogenate, 0.1g of fish tissue was ho-

mogenized with 10 mL of 0.1 M sodium hydroxide in 

3.5% sodium chloride in a 10 mL homogenizer. The 

homogenates were incubated at 60°C for 90 minutes. 

The homogenates were centrifuged at 10,000 rpm for 

30 minutes at 4°C. The supernatant was used for the 

NO analysis. A sodium nitrite (NaNO2) standard of 1 

mg/mL was prepared using distilled water and concen-

trations of 0, 1, 2, 4, 8, and 16 µM. In the microplate 

well, 100 µL of the sample was added. To all the wells, 

20 µL of Griess reagent (SRL) was added. All the wells 

were made up to 300 µL. This was incubated for 30 

minutes at 37°C. The absorbance was read at 540 nm 

using a microplate reader. The mean of triplicates was 

taken and nitrite concentration was analyzed and  

expressed in µmol/µL. 

 

Assay of superoxide dismutase activity  

The SOD activity was determined using the nitro blue 

tetrazolium salt reduction method (Beauchamp et. al., 

1971). The fish homogenate was prepared by the 

method of salt alkaline extraction (n = 5 in each group), 

and all the tests were done in triplicate. To 0.5 g of the 

fish muscle tissue, 0.5 mL of PBS was added and ho-

mogenized using micro pestle. The homogenate was 

centrifuged at 4 °C at 10,000 rpm for 10 minutes, and 

the supernatant was used for further tests. For the as-

say, 0.5 mL of PBS (pH 7.4), 0.1 mL of EDTA, 0.1 mL 
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of methionine, 0.1 mL of NBT, and 0.1 mL of 10 mM 

riboflavin were added. Distilled water was used to make 

up the volume to 3 mL. To this, 0.1 mL of homogenate 

was added and incubated under light (15 W) for 20 

minutes. A control was taken without adding the ho-

mogenate. The absorbance was measured at 560 nm 

(Gardner and McQUILLIN, 1980). 

 

Catalase activity  

Catalase activity was determined by the method of hy-

drogen peroxide reduction. The homogenate was pre-

pared by the salt alkaline method. To 0.5 g of the fish 

muscle tissue 0.5 mL of PBS was added and homoge-

nized using micro pestle. The homogenate was centri-

fuged at 4°C at 10,000 rpm for 10 minutes and the su-

pernatant was used for further tests. To a 96-well plate, 

280 µL of PBS, 10 µL of H2O2, and 10 µL of homoge-

nate were added. The absorbance was read every 30 

seconds for 3 minutes in a microplate reader (Hadwan 

et. al., 2024). 

 

Statistical analysis 

The statistical analysis was performed using MS Excel 

and GraphPad Prism software (version 10.4). The data 

were analysed using Student’s t-test to determine sig-

nificant differences, with a significance level of 0.05 and 

a 95% confidence interval. All t-tests were unpaired. All 

average data were presented as mean ± SD. The sta-

tistical acceptance level was p < 0.05 in all the present-

ed data. 

 

RESULTS 

 

In the present study, significant differences were ob-

served between the control and experimental groups in 

the concentrations of blood glucose levels, SOD activi-

ty, and catalase activity, while nitric oxide levels and 

total protein content did not differ significantly, suggest-

ing that the impact of altered feeding and photoperiodic 

regimen on selected biochemical parameters was sig-

nificant. The data of all the biochemical assays are giv-

en in Table 1, and the statistical comparisons between 

the experimental group and the control group are given 

in Supplementary Tables S1-S5. 

The amount of total protein was found to be 0.58 ± 0.02 

mg/mL in the control group, and it was also found to be 

0.25 ± 0.02 mg/mL in the experimental group (Table 1). 

It was observed that despite excessive feeding, the 

experimental group subjected to an extended light 

phase showed a slight decline in the total protein con-

tent compared to the control group, though the differ-

ence was not statistically significant.  

Further, the amount of nitric oxide was found to be 

10.25 ± 0.77 µM in the control group and the concentra-

tion was found to be 10.37 ± 0.57 µM in the experiment 

group (Table 1). The nitric oxide levels were compara-

ble between the two groups (p > 0.05).  

The blood glucose levels in the control group were 

found to be 52.9 ± 1.27 mg/dL, and in the experimental 

group, they were 76.2 ± 1.13 mg/dL (Table 1). This sig-

nificant increase was consistent with the binge eating 

regimen that the experimental fish were subjected to (p 

< 0.05).  

Assays for antioxidant enzymes like SOD and catalase 

showed a significant difference, indicating an altered 

stress response in the experimental group (Table 1). 

Both antioxidant enzymes exhibited a significant in-

crease in activity within the experimental group com-

pared to the control group. In the control group, SOD 

activity was observed to be 3.18 ± 0.18 U/mg and it was 

56.02 ± 2.14 U/mg in the treated group (Table 1). The 

result suggested an 18-fold increase in the enzyme 

activity upon altering the photoperiod and feeding regi-

men (p < 0.05). The catalase activity was found to be 

Parameter 
Control 

(Mean ± SD) 

Experiment 

(Mean ± SD) 

Statistical Signifi-

cance (p-value, Stu-

dent’s t test) 

Remarks 

Protein Concentration (mg/

mL) 
0.58 ± 0.02 0.25 ± 0.02 p > 0.05 No significant difference 

Nitric Oxide (µM) 10.25 ± 0.77 10.37 ± 0.57 p > 0.05 No significant difference 

Glucose Level (mg/dL) 52.9 ± 1.27 76.2 ± 1.13 p < 0.05 
Significant increase indicating hy-

perglycemia 

SOD Activity (U/mg) 3.18 ± 0.18 56.02 ± 2.14 p < 0.05 
Marked increase indicating oxida-

tive stress 

Catalase Activity (U/mg) 39.84 ± 1.38 54.57 ± 0.92 p < 0.05 
Elevated activity reflecting antioxi-

dant response 

Table 1. Results of the assays carried out to understand the combined impact of the altered photoperiods and altered 

feeding regimen on selected biochemical parameters in zebrafish 
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39.87 U/mg in the control group, whereas it was 54.57 

U/mg in the experimental group, suggesting a signifi-

cant upregulation in enzyme activity (Table 1). 

 

DISCUSSION 

 

The present study demonstrates that combined altera-

tions in photoperiod and feeding patterns have a signifi-

cant impact on metabolic and biochemical parameters 

in zebrafish, providing valuable insights into the mecha-

nisms underlying metabolic dysregulation induced by 

circadian disruption. Photoperiod-induced stress acti-

vates numerous oxidative stress-related genes and has 

been shown to alter behavioral patterns, including loco-

motor activity, feeding behavior, and anxiety-like re-

sponses (Villamizar et al., 2014). Moreover, reduced 

daylight duration in vertebrates is linked to seasonal 

affective disorder and related mental health issues 

(Sorokin, 2022). Long photoperiods have also been 

reported to disrupt endocrine functions in zebrafish, 

affecting pituitary hormones and transcription factors 

(Lucon-Xiccato, 2022; Jin, 2009). 

The present findings reveal elevated glucose levels and 

increased antioxidant enzyme activity in zebrafish ex-

posed to prolonged light exposure combined with ex-

cessive feeding, supporting the hypothesis that disrup-

tion of the circadian rhythm, coupled with dietary ex-

cess, promotes metabolic dysfunction. The observed 

hyperglycemia in the experimental group aligns with 

previous research, which demonstrates that circadian 

disruption impairs glucose homeostasis. A similar glu-

cose elevation in zebrafish subjected to constant light 

conditions, attributed to disrupted insulin signalling 

pathways, has been reported earlier (Mason et al., 

2020). Furthermore, studies in mammalian models 

have consistently demonstrated that shift work and ir-

regular eating patterns are associated with glucose 

intolerance and an increased risk of diabetes. The 

mechanisms underlying this glucose dysregulation like-

ly involve disruption of the molecular clock machinery 

that normally coordinates metabolic processes with 

environmental cues (Scheer et al., 2009; Antunes et al., 

2010). 

The dramatic increase in SOD activity observed in the 

present experimental group suggests a compensatory 

response to elevated oxidative stress. This finding is 

consistent with previous studies conducted in Wistar 

rats, which demonstrate an increase in reactive oxygen 

species production associated with circadian disruption, 

necessitating enhanced antioxidant defence mecha-

nisms (Reiter et al., 2011). The concurrent increase in 

catalase activity further supports this interpretation, as 

both enzymes work synergistically to neutralize oxida-

tive damage. Similar patterns have been reported in 

shift workers, where chronic circadian misalignment 

leads to elevated markers of oxidative stress and in-

flammation (Knutsson and Kempe, 2014). 

The combination of altered photoperiod and excessive 

feeding appears to create a synergistic effect on meta-

bolic dysfunction, as neither factor alone typically pro-

duces such pronounced changes. It has been demon-

strated that feeding schedules can entrain peripheral 

circadian clocks independently of the central pacemak-

er, suggesting that irregular feeding patterns may exac-

erbate the metabolic consequences of photoperiodic 

disruption (Yamazaki et al. 2000). The interaction be-

tween feeding rhythms and light-dark cycles may ex-

plain the severity of glucose elevation observed in our 

study. Interestingly, nitric oxide and total protein levels 

remained unchanged, indicating that the metabolic per-

turbations observed were specific rather than a general 

physiological stress response. This selectivity suggests 

that the experimental conditions primarily affected glu-

cose metabolism and antioxidant systems while leaving 

other biochemical pathways relatively intact. Similar 

findings have been reported in human shift work stud-

ies, where specific metabolic parameters are affected 

while others remain normal (Karlsson et al., 2001). 

The relevance of the zebrafish model to human circadi-

an biology is well-established, with conserved clock 

genes and metabolic pathways, making it an excellent 

model for studying the effects of circadian disruption 

(Whitmore et al., 2000). The present findings contribute 

to the growing body of evidence linking circadian 

rhythm disruption with metabolic dysfunction, providing 

mechanistic insights that may inform interventions for 

shift workers and individuals with irregular eating pat-

terns. These results have important implications for 

understanding the health consequences of modern 

lifestyle factors, particularly the increasing prevalence 

of shift work and irregular eating habits. The elevated 

glucose levels and oxidative stress markers observed 

suggest that combined disruptions to the circadian 

rhythm and dietary habits may predispose individuals to 

metabolic syndrome and related complications. Future 

research should investigate potential therapeutic inter-

ventions that target the restoration of the circadian 

rhythm and antioxidant supplementation to mitigate 

these adverse effects. 

 

Conclusion  

 

This study demonstrates that combined photoperiodic 

disruption and excessive feeding significantly alter met-

abolic homeostasis in zebrafish, as evidenced by ele-

vated blood glucose levels and increased activity of 

antioxidant enzymes. The dramatic increase in SOD 

activity (18-fold) and modest elevation of catalase indi-

cate a compensatory response to heightened oxidative 

stress, while hyperglycemia suggests impaired glucose 

regulation, similar to patterns observed in human shift 

workers. The synergistic effects of altered light-dark 

cycles (20h:4h) and binge eating patterns provide 

mechanistic insights into how modern lifestyle factors 

contribute to metabolic dysfunction. These findings es-

tablish the zebrafish as a valuable model for studying 
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circadian disruption-induced metabolic disorders, high-

lighting the importance of maintaining regular sleep-

wake cycles and feeding schedules for optimal meta-

bolic health. Future research should investigate thera-

peutic interventions aimed at restoring the circadian 

rhythm to mitigate these adverse metabolic conse-

quences in both preclinical and clinical settings. Fur-

thermore, the zebrafish model system employed here 

provides a valuable platform for future investigations 

into the temporal aspects of metabolic regulation and 

the development of chronotherapy approaches for met-

abolic disorders. 
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