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Abstract
Taurine is a major component of many energy drinks and widely recognized for its physiological and antioxidant functions in mammalian systems. However, limited data exist regarding its potential genotoxic effects at elevated concentrations. This study investigated the cytotoxic and genotoxic impact of taurine on Allium cepa root meristem cells at concentrations of 40%, 70% , and 100% following 24hr and 48hr exposure. Mitotic activity and chromosomal abnormalities were evaluated to determine concentration- and time-dependent response. The results revealed a significant increase in abnormal cells at the highest concentration after 24hr exposure, indicating pronounced acute genotoxicity. The observed abnormalities included C-metaphase, chromosomal bridges, sticky chromosomes, lagging chromosomes, polyploidy, and multinucleated cells, suggesting the involvement of both clastogenic and aneugenic mechanisms. Although the frequency of abnormities declined after 48hr., the highest concentration continued to demonstrate notable cytogenetic effects. Lower concentrations produced comparatively mild alteration in mitotic behavior. Overall, the findings demonstrate that high concentrations of taurine can disrupt mitotic processes and induce chromosomal instability in plant cells. These results highlight the importance of evaluating concentration thresholds when  assessing the biological safety of bioactive compounds present in energy drink formulations. Further studies using mammalian cell systems and molecular genotoxicity assays are recommended to clarify potential implications for human health. 
Keywords: Taurine; Energy drinks; Allium cepa assay; Genotoxicity; Cytotoxicity; Chromosomal abnormalities.                                                                                                                                      










1. Introduction
Energy drinks are non-alcoholic beverages packed with stimulants like high doses of caffeine, sugar, and other additives. Since their introduction in 1987, energy drinks have become increasingly popular and the energy drink market has grown at record pace into a multibillion-dollar global industry (Higgins et al., 2018; Reissig et al., 2009). Most energy drinks contain natural products such as guarana, ginseng, and taurine. As much as 80 to 300 mg of caffeine and 35 grams of processed sugar per 8-ounce serving are commonly present in energy drinks such as Cocaine, Pimp Juice, Red Bull, and Spike Shooter (Clauson et al., 2008).Young people, students, office workers, athletes, weekend warriors, and service members frequently consume energy drinks.
Energy drinks offer quick boosts in mental alertness, focus, and physical performance due to stimulants like caffeine and sugar, helping combat fatigue for tasks or workouts, and can even elevate mood temporarily (Lieberman et al., 2014). However, the popularity of energy drinks and the rapid growth of their excessive consumption among adolescents and young adults have brought about great concern in regards to overall health and well-being (Rath, 2012; Gunja and Brown, 2012; Arria and O’Brien, 2011). Energy drinks pose risks like heart problems (palpitations, high blood pressure), anxiety, insomnia, and digestive issues due to high caffeine and sugar, potentially leading to dehydration, dental erosion, and dependency, with serious effects like seizures or cardiac arrest reported in extreme cases, especially when mixed with alcohol. They are especially harmful to children and teens, interfering with sleep and development (Seifert et al., 2011).
Taurine (2-aminoethanesulfonic acid) is a sulfur –containing amino acid that occurs naturally in animal tissues, particularly in the brain,heart retina, and skeleton muscle. It plays essential physiological roles including osmoregulation, bile acid conjugation, membrane stabilization, calcium homeostasis, and antioxidant defense.     
In energy drinks, taurine is frequently combined with caffeine because of its potential synergistic effects on the central nervous system. Studies suggest that taurine may modulate neurotransmission, improve exercise performance, and support cardiovascular function (Galloway et al., 2008; Schaffer et al., 2014). Additionally, taurine has been reported to exhibit antioxidant and cytoprotective properties, which may help reduce oxidative stress induced by stimulants such as caffeine (Schaffer et al., 2010). 
Despite its recognized physiological importance, concerns have been raised regarding the excessive consumption of taurine through energy drinks, particularly when ingested in combination with high caffeine concentrations. While moderate taurine intake is generally regarded as safe, the long- term effects of chronic exposure to energy drink formulations remain under investigation. Therefore, evaluating taurine as a functional ingredient in energy drinks is important for understanding both its potential benefits and possible health implications.    
Few studies examine the chromosomal aberrations after exposure to energy drinks. Genotoxic effect can interfere with normal cell division and increase mutation. Moreover, most studies use high, acute doses, while chorionic low –dose exposure, which better mimic human consumption, is rarely studied.   
Allium cepa (common onion) is the most frequent farmed species of the genus Allium. It has been identified as an excellent bioassay phytoindicator for assessing and mitotic cycle disruptions and genotoxic research (Sonam et al., 2016). Because of the correlation of these plants with other bioassay systems, root tips of Allium cepa have been proposed as a standard for cytogenetic assay in human health and environmental monitoring (Claudia et al. 2010). This plant has a small number of chromosomes (2n = 16), making it easier to assess chromosome damage and disruptions in the cell division cycle, as well as the danger of aneuploidy (Peter and Tomaž, 2014). Because the onion root tips are where plants grow and divide at a rapid rate, the chances of seeing cells in all five stages of cell division are great.  So, this study aims to assess the DNA damages and chromosomal aberrations in Allium cepa root tip cells after exposure to pure Taurine.
2. Material and Method 
2.1. Plant material 
 Fresh and healthy onion bulbs free of visible damage or fungal infection were collected from local supermarkets in AL-Madinah. Medium sized bulbs ranged between 60 g to 90 g were cleaned and dead layer removed to enhance the growth of meristematic cells on the tip root.
2.2. Root germination and treatment 
2.2.1. Onion Germination 
 The base portion of the onion bulbs were placed over glass beakers filled in distilled water (100 ml) to enhance growing of tip roots. The setup water was replaced daily until roots growth reaches a length of 1-2 cm. 
2.2.2. Exposure 
A series of bulbs growing roots were transferred into beakers containing three different concentrations of Taurine (40%, 70%, 100% and 0% as control). The exposure time of each treatment was 24hr and 48hr. After exposure times, the growing root tips were cut and cleaned under running tap water to be ready for staining.
2. 3. Fixations of the Root Tips  
Camoy's fixative solution (1:3 Glacial acetic acid: alcohol) was  used to fix 1 cm of actively growing root tip for 24 hr. the fixed roots were then preserved in 70% ethanol until slide preparation.
 2.4. Slide Preparation and Staining 
Fixed root tips were hydrolyzed in tubes with 1 N HCl in hot water bath for 15 minutes at 55 - 60°C to soften tissues. The terminal 1-2mm of the meristematic region was placed on clean microscopic slide. The samples were stained with fuchsin dye for at least 1 hour. The squash technique was applied using gentle pressure under a cover slip to spread cells into single layer. 
2.5. Microscopic Analysis 
A light microscope at 400x magnification was used to count cells in each slide. Mitotic cells with typical aberrations were calculated.

 MI =   Number of dividing cells   x 100
            Total number of cells        

The chromosomal aberrations (CA) were calculated as follow:

CA= Total number of abnormal cells X 100
        Total number of cells

2.6. Rooting Length Inhibition 
To support cytological findings, mean roots length of treated bulbs was measured and compared with control. Growth inhibition was used as additional of general toxicity.
2.7. Statistical analysis
One-way analysis of variance (ANOVA) was used to compare concentrations. All statistical analyses were performed by using excel 2016. Results with P < 0.05 were considered to be statistically significant.
3. Results 
 3.1. Effect of Taurine on Mitotic Activity and Cellular Response 
The effect of different concentrations of taurine on Allium cepa root meristem cells are presented in Table 1. The control group exhibited a consistently high mean value (95.06), inducing normal cellular activity. 
After 24hr exposure, the mean cellular response increased slightly at lower concentration, with an overall mean of 97.31 recorded for taurine- treated samples (Table1). However, at higher concentration (100%), variability in the measured parameter was observed . one-way ANOVA revealed a statistically significant difference among treatment after 24hr exposure (p< 0.05). post hoc comparison indicated that the 100% concentrations differed significantly from the control and lower concentrations (40% and 70%), whereas, no significant difference was observed between the control and 40 % treatment (p>0.05).
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(A)                          (B)	
Figure 1: Effects of different treatments: (A) Taurine, (B) Control on root growth of Allium cepa.                                                                                                                                             
Table 1. Showing the Mitotic index of different concentrations of Taurine at exposure time 24hr and 48hr on the cytological parameters of Allium cepa root meristematic cells.                                    

	 
 



Concentrations
	
Control
	
Taurine (24hr)
	
Taurine (48hr)

	
	Water
	100%
	40%
	70%
	100%
	40%
	70%
	100%

	1.
	94.49
	95.29
	1.48
	0.52
	88.75
	0.87
	0.19
	93.82

	2.
	95.57
	96.66
	2.35
	0.85
	90.90
	1.23
	0.49
	95.61

	3.
	96.66
	97.50
	2.82
	1.16
	93.20
	1.32
	1.25
	95.90

	4.
	96.96
	98.24
	2.85
	3.06
	93.28
	1.44
	3.05
	97.59

	5.
	91.66
	98.88
	4.61
	3.86
	96.33
	3.31
	3.63
	98.36

	Mean
	95.06
	97.31
	2.82
	1.89
	92.49
	1.63
	1.72
	96.25




After 48hr exposure, reduction in the mean value (92.49) was observed, particularly at higher concentration (table 1). One-way ANOVA confirmed significant differences among treatment groups (p<0.05). Two-way ANOVA analysis further demonstrated a significant interaction between exposure time and concentration (p<0.05), indicating that the effect of taurine on cellular activity depends on both dose and duration. 
2.2. Effect of Taurine on Total Number of Abnormal Cells
   The frequency of abnormal cells following taurine exposure is summarized in table 2. No abnormalities were observed in the control group after 24hr exposure (mean = 0).
  After 24hr Exposure
As shown in table 2, the mean number of abnormal cells increased with taurine concentration. At 40%, the mean was 2.95, while at 70%, it was 1.10. A dramatic increase was recorded at 100 % concentration (mean = 26.25). 
One-way ANOVA indicated a highly significant difference among treatments (p< 0.001). Post-hoc analysis confirmed that the 100% concentration was significantly higher than all other groups(p <  0.001) . Although 40% and 70% concentrations showed slight differences, these were not statistically significant (p < 0.05), but both were significantly higher than the control (p < 0.05).

 After 28hr Exposure
At 48hr, the frequency of abnormal cells decreased compared to 24hr exposure (Table 2). The mean values were 1.77 at 40%. 0.34 at 70%, and 4.68 at 100%.
ANOVA revealed significant differences among treatment (p <0.05). However, the magnitude of abnormal indication at 100% was markedly lower than that observed at 24hr. Two- way ANOVA  demonstrated a significant concentration x time interaction effect (p< 0.05), confirming that genotoxicity varied depending on both exposure duration and concentration.



Table 2. Chromosomal abnormalities in root tip cell of Allium Cepa induced by Taurine. 
	
Time (hr)
	Total No. of abnormal cells

	
	Conc.
	Field1
	Field2
	Field3
	Field4
	Field5
	Mean

	
After24 hr
	control
	0
	0
	0
	0
	0
	0

	
	40%
	3.461
	3.352
	2.941
	2.962
	2.04
	2.9512

	
	70%
	1.353
	0.541
	1.573
	0.998
	1.041
	1.1012

	
	100%
	31.25
	32.038
	32.835
	20
	15.151
	26.25

	
After48 hr
	40%
	2.486
	1.686
	1.581
	1.23
	1.89
	1.7746

	
	70%
	0.383
	0.495
	0.314
	0.169
	0.363
	0.3448

	
	100%
	0.51
	1.39
	1.44
	9.25
	10.81
	4.68
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Figure 2. Mean of Mitotic Index and Percentage of Aberrant cells for Allium cepa root tip cells treated with different concentrations of Taurine.                                              
 
3.3. Types of chromosomal Abnormalities induced by Taurine 
The spectrum of chromosomal abnormalities observed under different treatment is presented in Table 3. Control cells showed either no abnormalities or minimal spontaneous alterations.
As illustrated in Table 3, the diversity and frequency of abnormalities increased with taurine concentration, particularly at 100 %concentration after 24 hr. exposure. The most prominent abnormalities included C-metaphase, chromosomal bridges, sticky chromosomes, vagrant chromosomes, chromosomal breakage, and binucleated cells.
Chi-square analysis revealed a statistically significant association between taurine concentration and chromosomal abnormalities type (Table 3), indicating severs mitotic disruption. 
After 48 hr. exposure, fewer types of abnormalities were observed at 40 % and 70 % concentrations, while 100% treatment still showed notable chromosomal damage, although less extensive than at 24 hr. (Table 3). 
The presence of C.metaphase suggests spindle apparatus inhibition, while chromosomal bridges and breakage indicate clastogenic effects. Sticky chromosomes reflect chromatin structure disturbances, and binucleated or multinucleated cells suggest cytokinesis failure.   

Table 3. Types of chromosomal aberrations in Allium cepa root tip cells allocated in different concentration of Bison and Taurine at 24 hr and 48 hr.                                                      
	Types of Abnormalities
	Control
	
Taurine(24hr)
	
Taurine(48hr)

	concentration
	water
	40%
	70%
	100%
	40%
	70%
	100%

	C-Metaphase
	
	*
	
	*
	*
	
	*

	Chromosomal bridge
	
	*
	*
	*
	
	*
	

	Sticky chromosome
	
	*
	
	*
	*
	*
	*

	Binucleatedcells
	
	*
	
	*
	
	
	*

	Chromosomal breakage
	
	
	
	
	*
	
	

	Irregular anaphase
	
	
	*
	*
	
	*
	

	Vagrant chromosomes
	
	
	
	*
	*
	
	

	Pulverised nucleus
	
	*
	
	
	
	
	

	Unequal cytokinesis
	
	
	
	
	
	
	

	Laggingchromosome in anaphase
	
	
	
	
	
	*
	

	Lagging chromosomein metaphase
	
	*
	*
	
	
	
	

	Multinucleatedcells
	
	*
	
	*
	
	
	

	Polyploidyin anaphase
	
	*
	
	
	
	
	*

	Micronucleus cells
	
	
	
	
	
	
	




4. Discussion 
The present study demonstrates that taurine, as present in energy drink formulations, induces concentration –dependent and time-dependent cytotoxic and genotoxic effects in Allium cepa root meristem cells. The findings indicate high concentration, particularly under short-term exposure; exerts pronounced mitotic disruption and chromosomal instability. Although taurine is widely recognized as a conditionally essential amino sulfonic acid with antioxidant, osmoregulatory, and membrane –stabilized properties in mammalian systems (Schaffer et al., 2018), its biological behavior appears to vary according to concentration, exposure duration, and the cellular model investigated (Kumar and Pannerselvam, 2007). 
The slight elevation in cellular response observed following short-term exposure may reflects transient adaptive or stimulatory response, a phenomenon frequently described as hormesis in toxicological studies (Weltje et al., 2025 Mushak,2016; ) . However, prolonged exposure resulted in reduced cellular performance, suggesting that excessive taurine concentrations interfere with normal mitotic progression in plant meristematic cells (Zafar et al., 2024; Arshad et al., 2023). Biphasic dose responses have been widely documented in plant cytogenetic assays. Where low doses may produce minimal or compensatory effects, while high doses induce inhibitory or toxic outcomes (Leme and Marin-Morales, 2009). The reduction in mitotic efficiency observed at higher concentrations may be associated with impaired spindle formation, chromatin condensation disturbances, or disruption of cell cycle checkpoints.
A pronounced increase in abnormal cells at the highest concentration following 24hr exposure confirms significant genotoxic potential under acute conditions. The magnitude of chromosomal abnormalities suggests the involvement of both clastogenic and aneugenic mechanisms. The subsequent reduction in abnormal cell frequency after extended exposure may indicate activation of DNA repair pathways or selective elimination of heavily damaged cells through programmed cell death (Schumacher et al., 2021). Similar temporal patterns have been reported in plant genotoxicity  assays, where early chromosomal damage decreases over time due to repair possesses or cytotoxic removal of nonviable cells (Kumar and Pannerselvam, 2022). Such observations support the interpretation that taurine –induced damage is dynamic and influenced by cellular adaptive capacity.
The spectrum of abnormalities recorded –including C-metaphase, chromosomal bridges, lagging chromosomes, polyploidy, and multinucleated cells- provides insight into the underlying mechanisms of action (Torres-Bugarín et al., 2026; Sinha,2022). The presence of C-metaphase strongly suggests spindle apparatus inhibition, a hallmark of aneugenic agents that interfere with microtubule polymerization and metaphase progression (El-Chamery et al., 2020). Chromosomal bridges and fragments are indicative of structural DNA damage and improper chromatid separation, reflecting clastogenic effects. Sticky chromosomes are often interpreted as evidence of severe chromatin structural alterations resulting from abnormal protein-DNA interactions and are generally considered signs of irreversible toxic stress (Paul et al., 2026; Saeed et al., 2025).
The occurrence of binucleated and multinucleated cells suggests cytokinesis failure, likely due to disruption of actin filament organization and cell plate formation during telophase. Polyploidy and lagging chromosomes further confirm spindle dysfunction and defective chromosomal migration. Collectively, these abnormalities demonstrate that high taurine concentrations induce both structural and chromosomal damage and disturbances in mitotic spindle integrity. 
Although taurine is widely recognized for its cytoprotective and antioxidant role in mammalian systems, its biological effects are strongly dose-and context –dependent (Zhao et al., 2025; Roşca  et al., 2022; Surai et al., 2021;). At high concentrations, compounds considered safe at physiological levels may exhibit genotoxic properties, as observed in this study. The chromosomal instability detected suggests that excessive exposure can disrupt normal mitotic process. 
The Allium cepa assay remains a sensitive and reliable model for detecting clastogenic and aneugenic agents, and the concentration-dependent abnormalities observed  confirmed its effeteness for preliminary genotoxic screening while direct caution, the findings emphasize the importance of evaluating dosage thresholds when assessing the safety of energy drink constitutes.
Overall, high taurine concentrations induced significant cytotoxic and genotoxic effects, particularly under acute exposure, involving both structural chromosomal damage and spindle apparatus disruption. Further are recommended to clarify the boarder toxicological implications.     
5. Conclusion
The present study demonstrates that taurine exerts concentration-dependent cytotoxic and genotoxic effects in Allium cepa root meristem cells. The highest concentration induced significant chromosomal abnormalities, particularly after short-term exposure, including acute genotoxic stress. The spectrum of abnormalities  observed suggests involvement of both clastogenic mechanisms, associated with spindle apparatus disruption. Although lower concentrations produced relatively minor effects, the finding emphasizes the importance of evaluating high-dose exposure scenarios. While plant-based assays provide valuable preliminary insight into geontoxic potential, further investigations using mammalian models and molecular biomarkers are necessary to determine broader toxicological relevance. Overall, the results underscore the need for careful dose assessment when evaluating the safety of taurine-containing energy drink formulation.
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