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ABSTRACT

Background: All living organisms depend on circadian rhythms which are managed by clockla, bmall, per2, cryl and
nrldl genes. The disruption of this causes various illnesses including chronic diseases over time. Thymoquinone which
exists in Nigella sativa produces antioxidant effects together with anti-inflammatory and anti-cancer activities. Its effects
on regulating biological clocks has not yet been explored. The research investigates Thymoquinone effects on zebrafish
circadian gene expression and evaluates its neuroblastoma cell toxicity. This study investigates how Thymoquinone alters
zebrafish circadian gene expression while measuring human neuroblastoma cell toxicity through MTT assay.

Materials and Methods: The study administered Thymoquinone to zebrafish using various concentration levels. After
the RNA extraction expression levels of clockla, bmall, per2, cryl and nrld1 were measured using RT-qPCR. Expression
changes were determined through 2°~AACt calculations. The data was adjusted based on the expression of housekeeping
genes. The MTT assay tested neuroblastoma cells treated with different Thymoquinone concentrations at 1,10,25,50,100
pg/mL. Spectrophotometry at 570 nm was used to measure cell viability.

Results: In zebrafish, Thymoquinone affected the expression of circadian genes by upregulation of bmall through nri1dl
and downregulation of per2 and cryl. The thymoquinone demonstrated dose related killing action on neuroblastoma cells
and kept the cell viability above 85% at 10 ng/mL concentration, while higher doses (25 and 50pg/mL) showed significant
degree of cytotoxicity suggesting its anticancer effects.

Conclusion: Our data suggest that thymoquinone alters zebrafish circadian gene expression and exerts selective killing in
neuroblastoma cells. A concentration of 27.67 pg/mL was found to be most effective. Thymoquinone serves as both a
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chronomodulatory agent and an anticancer agent which establishes its potential for future development of circadian-based
cancer therapies.
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1. INTRODUCTION

Circadian Rhythm is a natural process that helps us maintain a 24-hour sleep wake cycle. This way it regulates the
behavioural, biochemical and physiological conditions of the body. Regulation of this circadian is dependent on the period
of light and darkness(1). Through this the internal clock is synchronized with the day night cycle. Circadian rhythm can
influence the body in many ways ranging from hormone release, body temperature to feeding behaviour. Various disorders
can be caused by imbalance in the circadian clock(2). Organisms possess an internal biological clock named the circadian
clock which maintains rhythms. This mainly supports the organism in adapting to daily light and dark changes. The Earth’s
rotation represents the primary factor which produces this variation. Through this there is an equilibrium among different
body systems. Scientists have discovered that disturbances to this clock system lead to many health conditions including
metabolic syndrome, obesity, depression, neurodegenerative diseases and also cancer(3), (4). The biological clock
functions through a molecular process that uses feedback systems. Through this it controls specific clock genes in
transcription and translation (5) .The clock genes and the proteins generated from them, interact with a sleep-wake cycle
that repeats every 24 hours(6). The system features two positive factors called CLOCK-1a and BMAL1 which function
together as transcription factors (7). The regulation of negative components PER2 and CRY1 depends on these factors.
Increase in PER and CRY proteins causes inhibition of CLOCK: BMALJ1 activity. This creates a feedback loop that
maintains rhythmic gene expression. The process is also regulated by NR1D1 which functions as a suppressor to control
BMAL1 expression. The circadian clock in vertebrates requires five essential genes-clock 1a, bmall, per2, cryl and nridl
to operate correctly (8).

Zebrafish are one of the ideal organisms to function as a model system for this study as they have a high degree of genetic
similarity to humans (9). They are being used to carry out research on various branches of science including genetics,
physiology, ecology, biotechnology and many more (10), (11) . The other advantage is their behavioural patterns which
are very easy to observe. In mammals, the Suprachiasmatic nucleus (SCN) of the brain is where the central pacemaker lies.
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Zebrafish on the other hand have multiple circadian clocks throughout their body, including in the brain, liver, heart and
eyes. By this, gene expression studies can be carried out at multiple tissues(12) .The transparent nature of Zebrafish
embryos and larvae, external development and their quick response to light-dark cycle make them suitable for circadian
research that requires real time tracking and molecular examination (13). Many plants like Curcuma longa, Withania
somnifera, Ocimum sanctum, Azadirachta indica, Ficus benghalensis are used in modern medicine and drugs for their
therapeutic purposes (14), (15) . The research focused on the effects of Thymoquinone on the circadian clock system of
Zebrafish (16) . Thymoquinone is a natural compound obtained from Nigella sativa (black seed). This molecule is well
known for its antioxidative, anti-inflammatory, and anticancer activities like many other natural extracts (17) , (18), (19), .
Studies reveal Thymoquinone also protects the body against oxidative stress. It also regulates inflammation as well as
programmed cell death. Although there is a lot of research on the therapeutic benefit of Thymoquinone, its effect on
circadian rhythm is not well understood (20).

The research investigated the effects of Thymoguinone on core clock machinery in zebrafish through analysis of clockla,
bmall, per2, cryl and nrld1 expression levels. The selection of genes occurred because these elements form the basis of
circadian rhythm regulation and sustenance. Our research proposed that Thymoquinone may affect gene expression levels
through two pathways: direct action on redox sensitive transcription factors and indirect effects on cellular oxidative status
which impacts circadian timing.

Thymoquinone comes from Nigella sativa. It was used as the natural compound to investigate its ability to affect the
circadian clock through regulatory gene targets in zebrafish. Zebrafish within the age range of 6 to 8 weeks were used as
our experimental model. It is because their circadian system responds to light signals and can be thoroughly studied. The
zebrafish received different concentrations of Thymoquinone in controlled light dark environments. DMSO treated
zebrafish functioned as vehicle controls. The MTT assay was performed for cytotoxicity testing to determine
Thymoquinone concentrations which maintained cell viability above 85-90% (21) . This was done to ensure non-toxicity
of selected doses. The activation and function of multiple genes required doses that were free of cytotoxicity. Total
Isolation of the RNA from the zebrafish was done. From that by cDNA synthesis was carried out. The subsequent step
involved quantitative RT-PCR(real time PCR) to measure gene expression. The measurement of expression levels used -
actin as the normalization reference because it functions as a housekeeping gene. The relative expression levels were
calculated through the 2"—AACt method. The entire experimental process included three independent repetitions to
establish data reproducibility and statistical reliability. Through this method we examined how Thymoquinone influences
biological rhythms in a vertebrate animal.

There is the clockla gene that encodes a transcription factor. This transcription factor combines to form a heterodimer with
bmall to start the transcription of target genes including per2 and cryl. These two genes , per2 and cryl develop into
proteins in the cytoplasm (22).Then the two proteins translocate into the nucleus to inhibit the transcription mediated by
CLOCK: BMAL1 and complete the feedback loop. NR1D1 adds another level of regulation by suppressing the
transcription of bmall to stabilize the oscillatory cycle of the clock (23) . These were the genes we had chosen in order to
get a clear picture as to how Thymoquinone might affect the circadian regulation from transcriptional activation, to
suppression and fine tuning. If any of these were either significantly up- or down-regulated, it would mean that
Thymoquinone can reset or modulate circadian timing in zebrafish. The study of redox modulation with respect to circadian
rhythm is important as the CLOCK: BMAL1 complex is sensitive to cellular redox conditions (24) . The antioxidant action
of Thymoquinone may modulate the activity of CLOCK: BMALL1 by acting on the NAD+/NADH ratio. This controls the
transcriptional feedback loops. Studies show that oxidative stress has a destructive influence on circadian rhythms across
models. Thymogquinone could prevent this by maintaining the redox balance (25). Zebrafish heartbeat rhythms were also
recorded. The treated zebrafish went through light-dark cycles while their heart beat patterns were observed. This data
helps us determine whether changes in gene expression also reflect in the circadian pattern. Therefore this study functions
as an emerging research topic, that explains how natural compounds including Thymoquinone alter circadian rhythms.
Zebrafish functions as an ideal model because of its high investigatory potential. This study functions as a starting point in
understanding the relation between natural therapeutic compounds and circadian biology. Through more studies, many
more natural treatments could also be developed for disorders related to circadian rhythm.

2. MATERIALS AND METHODS

2.1 Chemicals and reagents

Thymoquinone was purchased from a certified supplier. DMSO ( Dimethyl Sulfoxide) was used to dissolve thymoquinone.
This was done to prepare the stock solution. The working concentrations were freshly diluted using system water to attain
the final test concentrations of 1pg/mL, 10 pg/mL, and 25 pg/mL. The DMSO concentration was controlled to stay under
0.1% during the final preparation. Pharmacological rhythm modulation was achieved through the usage of Melatonin
together with OSMI-1 and ethanol. The standard protocols were followed by using all molecular biology grade reagents
for RNA extraction, cDNA synthesis, and RT-gPCR which included TRIzol and reverse transcription kits as well as SYBR
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Green master mix.

2.2 Zebrafish Husbandry and Ethical Compliance

Ethical guidelines were properly followed in all the procedures involving all animal procedures. The procedures were also
approved by Institutional Animal Ethical Committee of Saveetha Dental College and Hospitals, Saveetha Institute of
Medical and Technical Sciences (SIMATS), under the approval number BRULAC/SDCH/SIMATS/IAEC/03-2024/12.
For this study, adult zebrafish (AB strain) aged 6 to 8 months, were obtained from a certified local supplier. After purchase
of the fish, they were adapted to laboratory tanks under standardized and stable conditions. A light-dark cycle of 14 hours
of light and 10 hours of darkness was maintained. This was done to support the fish's natural rhythm. Water in the tank
was held constant at 28 + 1°C temperature. Continuous aeration and filtration was also done. Zebrafish were given a
nutritionally balanced diet twice daily. The tank conditions were monitored regularly to ensure health of the fish throughout
the study.

2.3 Induction of Circadian Rhythm Disruption

To induce circadian rhythm disruption, adult zebrafish were subjected to two pharmacological treatments. One group
received intraperitoneal injections of melatonin (50 pg/g body weight) at 8:00 am daily for three consecutive days using a
Hamilton syringe. A separate set of fish received 0.1% of DMSO, which was administered via intracranial injection at 8:00
pm daily for three days to disturb central circadian regulation. Fish were monitored for abnormal swimming behaviour post
injection, and any individuals with irregular motion were excluded from the study.

2.4 Neuroblastoma cell line and cell culture conditions

Human neuroblastoma cells were purchased from National Centre for Cell Science (NCCS), Pune, India. All materials and
procedures were executed under sterile conditions. The cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM; Gibco, Thermo Fisher Scientific, USA). The medium contained 10% fetal bovine serum together with 1%
penicillin-streptomycin solution. The cultures were incubated at 37°C with 5% CO2. The incubator maintained the proper
humidity levels. The cells were subcultured at 80-90% confluence using 0.25% trypsin EDTA which detached adherent
cells. All experiments used the same batch of cells which guaranteed both consistency and reproducibility in experimental
outcomes.

2.5 MTT assay in Neuroblastoma cells

The cytotoxic effect of Thymoquinone was measured through MTT assay in human neuroblastoma cell cultures before
implementing any in vivo experiments. Human neuroblastoma cells received Thymoquinone treatment at five different
concentrations (1,5,10,25, and 50ug/mL) for twenty-four hours in 96 well plates. After treatment, MTT reagent (0.5
mg/mL) was mixed. Following that, incubation was done for 4 hours. The Formazan crystals that formed during the reaction
dissolved in DMSO. The absorbance level at 570 nm was read by using a microplate reader. The experiment measured cell
viability by comparing it to cells that received no treatment. Concentrations that maintained > 85% viability were
considered safe for in vivo use. Based on these results, 1,10, and 25 pg/mL were selected for zebrafish treatment.

2.6 Thymoquinone Treatment Design

Following the circadian rhythm disruption the zebrafish were divided randomly into five different experimental groups.
The negative control group consisted of fish that remained in regular light-dark cycles without any treatment. The positive
control group consisted of rhythm disrupted fish which did not receive any Thymoquinone treatment. Thymoquinone was
administered to zebrafish at three different concentrations including 1 pg/mL 10 pg/mL and 25 pg/mL which made up the
treatment groups 11, IV, and V. The zebrafish received Thymoquinone treatment by immersion for a period of 24 to 48
hours under controlled environmental conditions. The three concentrations were selected from MTT assay results which
demonstrated that all three doses maintained over 85% cell viability, indicating their non-cytotoxic nature and suitability
for downstream gene expression.

2.7 Contextual Fear conditioning and Memory Testing

To evaluate the potential influence of Thymoquinone on learning and memory regulated in part by circadian rhythms a
contextual fear conditioning test was performed. After 1 hour acclimatization to the testing room, each fish was placed in
a black acrylic two compartment chamber (dark and light compartments) separated by a barrier with a 3 cm diameter
opening. The fish was allowed to stabilize in the dark compartment for 3 minutes, after which the door to the light side was
opened. Upon entering the light side, an aversive stimulus was applied (tapping the tank) to induce fear. The latency to
cross and total crossing time was recorded. This was repeated three times. Two hours later the memory test was performed
using the same setup but without stimulus. Longer latency times indicated retention of the learned fear response.

2.8 Gene expression Analysis
Following treatment, zebrafish were euthanized and tissues from the whole body were collected for gene expression
analysis. Total RNA was extracted using TRIzol reagent and quantified spectrophotometrically. First strand cDNA
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synthesis was performed using 1pg of total RNA. SYBR Green based detection was used to carry out Real time PCR. This
was done to quantify the expression of five main circadian genes: clockla, bmall, per2, cryl and nrldl (Table 1). The
housekeeping gene B-atin was used for normalization. Amplification was conducted using standard cycling conditions. The
2"—AACt method was used to calculate the gene expression levels. Triplicate analysis was performed for every sample.

Table 1: Primers used for gene expression

Gene Former Primer (5° —3°) Reverse Primer 5°— 3’

clockla ATGCCTCAGCTTTGTCCAGT AGCAGGGAGGAAAGGTTGAG
bmall TGACTTCGACTTCGGTTTGG TGTGTTGGGTTGTTGCTGAT
per2 CTGCTGCTGTCCATCTACCT AGAGGACAGGGAAGAGGAAG
cryl TCGGAGAGAGCGTTACCAAG TCTGAGGTCATCGCAGAGGT
nrildl GGTGCTGATGCTGTTGTAGC GTAGGGCTTGGTCAGGAGGT
B-actin TGCCCCTCGTGCTGTTTT TCTGTCCCATGCCAACCAT

2.8 Statistical Analysis

The data from the experiments were all presented in the form of mean + standard error of the mean. To access the group
wise variations, the tests that were performed are one way ANOVA followed by Turkey’s post hoc test. For statistical
significance a value of p< 0.05 was considered. GraphPad Prism software was used for data visualization and analysis

3. RESULTS

3.1 Scanning Electron Microscopy (SEM) analysis of Thymoquinone

The surface morphology of Thymoquinone was characterized using SEM to evaluate its physical structure and particulate
nature. The SEM image revealed that Thymoquinone appeared as irregularly shaped crystalline particles with a moderately
rough surface texture, which may facilitate its disruption observed. It was consistent with previously reported micron-scale
ranges, indicating suitable properties for biological interaction and absorption in aquatic models like zebrafish. These
morphological features support its physicochemical stability and contribute to the effective bioavailability of
Thymoquinone during short term immersion exposure in the present study (Figure 1).

1pm EHT= 500kV Signal A= SE2 ZEISS
— WD= 8.3 mm Mag= 10.00 K X

Figure 1: Scanning Electron Microscopy image of Thymoquinone
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3.2 Cytotoxicity evaluation of Thymoquinone in neuroblastoma cell lines

The MTT assay served to measure Thymoquinone cytotoxicity against human neuroblastoma cells. The cells experienced
lowered viability rates after thymoquinone treatment which increased from 1 to 50 pg/mL concentrations. Cells maintained
strong viability at lower thymoquinone doses of 1, 5, and 10 pg/mL but showed slight decreases at 25 pg/mL. The cell
viability dropped significantly at the 50 pg/mL concentration. Cell viability remained above 85% during treatment at
concentrations below 25 pg/mL which indicates these doses lack toxicity and show compatibility with cells. The in vivo
zebrafish experiments for circadian gene modulation used 1 pg/mL, 10 pg/mL, and 25 pg/mL concentrations based on
these findings. (Figure 2).

Figure 2: Microscopic images showing the morphological features of neuroblastoma cells under different
treatment conditions a) positive control group b) cells treated with the lowest concentration of Thymoquinone
(1pg/mL) and c) cells treated with highest concentration of Thymoquinone (25 pg/mL). Changes in cell density

and morphology are indicative of concentration dependent cytotoxic effects.

3.3 MTT Assay: Comparative Cytotoxicity of Thymoquinone and Doxorubicin
The MTT assay was used to measure Thymoquinone's cytotoxic effects against Doxorubicin on neuroblastoma cells. The
neuroblastoma cells were treated with Thymogquinone at five different concentrations which included 1, 10, 25, 50 and 100
png/mL. Later the cytotoxicity percentages were measured after 24 hours. The cytotoxic effect of Doxorubicin showed
strong dose dependency through which cell survival rates dropped with rising concentrations. The test results showed an
average cytotoxicity at 6.64% for 1 pug/mL while the 10 pg/mL concentration produced 12.86% and the 25 nug/mL
concentration resulted in 28.03% and the 50 pg/mL concentration reached 73% and the 100 pg/mL concentration obtained
93.8%. The rise in Thymoquinone’s cytotoxicity revealed a gradual progression over the entire testing span. At 1 pg/mL
Thymoquinone concentration the average cytotoxicity reached 2.71% which increased to 7.04% at 10 ug/mL and 18.12%
at 25 pg/mL. At 50 pg/mL, cytotoxicity was at 45.61%, which increased to 87.20% at 100 pg/mL. Compared to
Thymoquinone, Doxorubicin showed much greater cytotoxicity at every concentration tested. Despite its higher doses
displaying cytotoxicity, Thymoquinone was still relatively biocompatible, as it maintained over 85% cell viability at
concentrations below 25 pg/mL. We chose the 1 pg/mL and 10 pg/mL doses for further in vivo zebrafish studies because
of their safety profile (Figure 3).
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Figure 3: Comparative cytotoxicity of Thymoquinone and Doxorubicin in neuroblastoma cells assessed by MTT
assay.
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3.4 Effect of Thymoquinone on Circadian rhythm in Zebrafish

To evaluate the effects of Thymoquinone on the regulation of circadian rhythms, heart rate was monitored as a
physiological marker in zebrafish after rhythm disruption. Within the positive control group’s (rhythm disrupted, untreated)
results, heart rate was significantly diminished, portraying disrupted circadian regulation. On the contrary, the negative
control group (untreated, kept in a light-dark cycle) demonstrated a stable and coherent heart rate rhythm, portraying
preserved circadian function. The zebrafish given Thymoquinone at the concentration of 1pug/mL showed only a moderate
increase in heart rate as compared to the positive control group suggesting partial loss of restoration at this concentration.
Nonetheless, at the higher doses of 10 pug/mL and 25 pg/mL of Thymoquinone, there was marked recovery in heat rate,
reaching values close to negative control. These findings confirmed the dose-dependent restoration of circadian rhythm by
Thymoquinone, illustrating its proposed use as a chronomodulatory zebrafish agent (Figure 4).

Data 1
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~— Positive Control
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Figure 4: Effect of Thymoquinone on cardiac rhythm in zebrafish following circadian rhythm disruption. Heart
rate was measured across five groups: Negative control, positive control and Thymoquinone treated groups at
1,10,25 pg/mL. Thymoquinone treatment at 10 and 25 pg/mL significantly restored cardiac rhythmicity compared
to the positive control.

3.5 Effects of Thymoquinone on Circadian gene expression in Zebrafish

To establish the effects of Thymoquinone on zebrafish circadian regulation on a molecular level, the expression of the
major clock genes were measured using RT-gPCR. In the positive control group, all five circadian genes were significantly
downregulated relative to the negative control group, confirming the loss of the circadian rhythm within the system and
molecular clock. Treatment of Thymoquinone TQ, at a concentration of 1 pg/mL resulted in a slight increase in clockla
and bmall expression, with negligible changes to per2, cryl and nrld1, indicative of some form of partial recovery. At 10
ng/L, marked increases in clockla and bmall expression and moderate recovery of per2 and cryl were observed suggesting
strong positive influence on circadian gene activation. The highest dose of 25 pg/mL TQ, resulted in strong upregulation
of all 5 genes with expression levels approaching, or in some cases exceeding those of the negative control. This shows
Thymoquinone restores the expression of the genes in a dose dependent manner, with an increase in concentration,
suggesting its potential use as a chronotherapeutic zebrafish modulator (Figure 5).
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Figure 5: Relative mRNA expression levels of core circadian genes in zebrafish following Thymoquinone
treatment.

4. DISCUSSION

Organisms use circadian rhythms to adapt themselves to environmental changes which include light and temperature
patterns throughout the day. The main clock genes clock 1a, bmall, per2 cryl, and nrldl regulate the intrinsic molecular
clock . Itis mainly carried out through feedback loops. Multiple physiological and pathological factors can disrupt circadian
rhythms. This can cause metabolic disorders, hormonal disorders, neurodegenerative and cardiac disorders and also cancer
(26). Therefore it has become very important to focus on discovering natural compounds that can both regulate and fix
circadian function. Thymoquinone is an active constituent present in Nigella sativa which has been identified to have anti-
inflammatory properties alongside its anticancer and antioxidant effects. However, the effect of Thymoquinone on
circadian rhythm at the genetic level is not fully understood yet (27) .

The study explored whether Thymoquinone exhibits chronomodulatory effects on circadian rhythm. Zebrafish were used
as model organisms because they have high genetic similarity to humans and transparent developmental stages and
distributed clock gene organization. The study used adult zebrafish at 3-6 weeks of age. Circadian rhythm disruption
through melatonin and OSMI-1 injections was done. Then Thymoquinone at different doses of 1, 10 and 25 pg/mL was
administered. Measurement of heart rate was done to identify the physiological effect of Thymoquinone. RT-gPCR testing
of five essential circadian genes was also done. It helped in identifying whether there was reestablishment of proper
circadian rhythm. The positive control group showed a significant decrease in heart rate compared to the negative control
group. This proves that Thymoquinone has the potential to restore circadian rhythm. The heart rate showed only a minimal
improvement at 1 pg/mL. But significant restoration occurred at 10 pg/mL and 25 pg/mL doses which indicates
Thymoguinone may help in reestablishing physiological circadian outputs. Thymoquinone demonstrates a dose-dependent
influence on circadian regulation which probably happens through the molecular control of clock genes according to these
findings. RT-gPCR measurement of CLOCK1a, bmall, per2, cryl and nrldlwas done to analyze the molecular effects
(28). The rhythm-disrupted group showed a significant reduction in the expression of all five genes which also matched
the physiological changes. The gene expression levels in Thymoquinone treated groups increased based upon the dosage
administered. 10 pg/mL of Thymoquinone enabled partial expression of clockla, bmall and nrldl whereas the 25ug/mL
dosage nearly restored gene expression to levels matching the negative control. The molecular oscillator contains these
genes as its fundamental components. The transcriptional activator complex is formed when CLOCK1a combines with
BMALL. The negative feedback inhibition occurs through PER2 and CRY1 while NR1D1 acts as a bmall repressor which
provides precise control (29).
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The reason which explains upregulation of these genes by Thymogquinone can be its antioxidant properties. which are
known to influence circadian regulation. The redox state of the cell can influence circadian proteins such as CLOCK and
BMALLI. Oxidative stress, which is an imbalance between the reactive oxidative species, can lead to disruption of circadian
oscillations (30). Thymoquinone helps restore redox balance. It functions as a powerful ROS scavenger to eliminate
reactive oxygen species from the environment. The transcriptional feedback loops controlling circadian gene expression
gain stability through this process. Additionally, Thymoquinone establishes interactions with signalling pathways which
include NF-«xB, Nrf2 and P13K/Akt. These are related to the circadian regulator. This could also explain the observed gene
expression modulation.

The MTT assay served to determine the cell toxicity of Thymoquinone on human neuroblastoma cells. This assay
confirmed that Thymoquinone was non-cytotoxic at concentrations up to 25 pg/mL, maintaining more than 85% cell
viability (31), (32). This is important to ensure that the results seen in Zebrafish are due to positive effects of Thymoquinone
and not because of its toxic effects. This also ensures biocompatibility. The standard chemotherapeutic agent is
Doxorubicin. When compared to Doxorubicin, Thymoquinone had less cytotoxicity although Thymoquinone did display
dose dependent cytotoxicity. This shows that Thymoquinone has lesser side effects than synthetic drugs. The effect of
Thymoquinone on both gene expression as well as heart rate shows that it has a significant effect on circadian homeostasis.
Improvement and reestablishment of heart rate by Thymoquinone, shows that imbalance in circadian rhythm can also affect
cardiovascular functioning as per the previous studies (33) . The cardiovascular system together with major systemic
physiological controls potentially may be impacted by circadian gene expression.

The molecular CLOCK and metabolic functions particularly lipid and glucose metabolism require NR1D1 which showed
increased expression in thymoquinone-treated groups. The raised NR1D1 expression indicates that thymoquinone might
regulate metabolism through circadian mechanisms. However further research is needed to validate this theory in metabolic
disease investigations. The research generates multiple important consequences for understanding the studied phenomena.
First, the research establishes initial proof that Thymoquinone works as a chronomodulatory agent which could fix or
maintain circadian rhythm disturbances at both genetic and physiological stages. Second, it supports the utilization of
zebrafish as a model for chronobiology research, especially for screening natural compounds with potential therapeutic
value. Third, it introduces a safe concentration range for in vivo use of Thymoquinone in aquatic models, supported by in
vitro toxicity screening. However, the study also has some limitations. Heart rate stands as a practical physiological
indicator for circadian output yet this model did not evaluate circadian behaviours including locomotor activity or
melatonin secretion or light/dark cycle entrainment. To gain a complete understanding of Thymoquinone’s
chronobiological effects future research should incorporate these endpoints. The gene expression analysis occurred only at
one specific moment which failed to demonstrate the natural rhythm of CLOCK gene transcription. Time course analysing
circadian gene expression across multiple zeitgeber times would help confirm whether Thymoquinone can truly re-entrain
the CLOCK or simply boost expression levels. Thus, this study demonstrates that Thymoquinone can significantly
modulate circadian gene expression and restore rhythm associated physiological functions in zebrafish following
pharmacological disruption. The dose-dependent upregulation of clockla, bmall, per2, cryl, and NR1D1, along with the
recovery of heart rate, suggests that Thymoquinone may serve as a natural chronotherapeutic agent. The favourable
compatibility with cells makes it a promising candidate for future use in treatments of circadian-related conditions. The
results establish a solid foundation for upcoming experimental research to explore how Thymoquinone affects circadian
rhythm control and its general impact on wellness and illness.

5. CONCLUSION

This study demonstrates that Thymoquinone effectively modulates the circadian system in zebrafish by restoring both
physiological rhythms and molecular clock gene expression following pharmacological disruption. Treatment with
Thymoquinone at varying levels or concentrations of 10 ug/mL and 25 ug/mL caused significant improvements in heart
rate and the upregulation of core circadian genes including clockla, bmall, per2, cryl and NR1D1. It was also found that
at a concentration of 27.67 ug/mL, the treatment is most effective. These findings indicate a dose dependent
chronomodulatory effect, highlighting Thymoquinone’s potential as a natural agent for reestablishing circadian balance.
The analysis of cytotoxicity in neuroblastoma cells demonstrated its safety within tested doses to support its safe use in
biological systems. The future research of Thymoquinone shows promise as a circadian therapeutic target especially for
rhythm-based disorders.
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