


Piper methysticum Attenuates Phenytoin-Induced Cognitive Dysfunction: A Preclinical Investigation of its Neuroprotective Properties


Abstract
Cognitive impairments are a common comorbidity in epileptic patients, resulting from both the underlying neurological disorder and antiepileptic medication. Phenytoin, a widely prescribed anticonvulsant, has been shown to negatively impact cognitive function. This investigation aims to assess the efficacy of methanol root extract of Piper methysticum (MREPM) in mitigating phenytoin-induced cognitive impairments in a pentylenetetrazole (PTZ) kindled mouse model. The MREPM extract was evaluated in vivo, where kindled mice received post-treatment with phenytoin (40 mg/kg, p.o.) alone or in combination with MREPM extract at doses of 100, 200, and 400 mg/kg (p.o.) for 14 days. Seizure severity score and cognitive functions were accessed using (a) PTZ kindling induction and (b) passive-avoidance (PA) task.  Treatment with phenytoin per se and along with MREPM showed significant reduction in seizure severity score as compared to vehicle control. Administration of phenytoin (40 mg/kg, p.o.) for 14 days significantly impaired cognitive performance in the passive avoidance (PA) task. Co-administration of MREPM extract (100 mg/kg for 7 days) with phenytoin during the second week of treatment significantly mitigated Phenytoin (PHT)-induced cognitive impairment. The results demonstrated that MREPM improved memory acquisition and retention, while preserving the anticonvulsant activity of phenytoin. The results of this study indicate that the combination of MREPM with phenytoin leads to a decrease in seizure severity and an improvement in cognitive function in mice kindled with PTZ, indicating a potential therapeutic benefit of MREPM in mitigating PHT-associated cognitive impairment. 
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1. INTRODUCTION
As a prevalent neurological disorder, epilepsy affects a substantial population, with 30% of patients experiencing recurrent seizures that can lead to serious neurological consequences. Epilepsy is also frequently accompanied by psychiatric comorbidities, such as cognitive impairment, depressive disorders, anxiety, psychosis, and more (de Biase et al., 2014). Research suggests that the neurological impairments associated with epilepsy are closely linked to the brain's epileptic circuits and complexities. Unfortunately, antiepileptic drugs, including the widely used phenytoin, can exacerbate these impairments. This is particularly concerning, as phenytoin is a common treatment for epilepsy, and its side effects can impact patients' quality of life.
Research has identified several mechanisms by which phenytoin may exacerbate epileptic comorbidities, including modulation of the serotonergic pathway, decreased acetylcholinesterase activity in the hippocampus, altered neuropeptide levels, and hippocampal damage (Sudha et al., 1995). Notably, cognitive impairment is a common comorbidity that worsens with phenytoin use in epileptic patients. Cognitive function encompasses the mental processes that enable reasoning, knowledge acquisition, and information processing, including executive function, attention, cognitive flexibility, and memory (Harada et al., 2013). As people live longer, maintaining cognitive function is essential for healthy adults to make informed decisions and maintain independence (Turrini et al., 2023). However, cognitive decline, which can progress to dementia (Karr et al., 2018), often begins in early adulthood and accelerates during midlife (Schwarz et al., 2024; Massengale et al., 2024), significantly impacting quality of life and wellbeing across the lifespan. Therefore, it is crucial to develop strategies to delay or prevent cognitive impairment. This highlights the need for therapeutic strategies that can effectively manage epilepsy while also enhancing cognitive function. Traditional medicine has long utilized various medicinal plants to treat epilepsy, and experimental studies have extensively explored their potential.
Piper methysticum (commonly known as Kava), is a plant native to the South Pacific islands. The aqueous Kava root decoctions are commonly consumed as a ceremonial drink in the South Pacific (Garrett et al., 2003). It has growing demand and popularity in the global herbal drug market for its various herbal formulations and as a stress-relieving beverage. It is used as a recreational beverage in various other countries and is sold in various forms in Kava bars. These beverages are popular for their anti-anxiety, mood-stabilizing, sedative, and anti-depressant effects. The Kava lactones are reported to be the major constituents responsible for its psychoactive properties. Some reports indicate inconclusive cases of hepatotoxicity caused by intake of Kava, and such toxicity effects are suggested to be due to drug interactions with kava, improper dosage, or use of misidentified plant or tissue parts (Teschke et al., 2003). However, evidence of the toxicity of Kava roots itself is not supported by substantial scientific pieces of evidence. In its traditional use, the aerial parts of the roots and the stem are not recommended for consumption (Dragull et al., 2003; Teschke et al., 2008; Teschke et al., 2010). The plant has also been shown to be effective in minimizing anxiety-related symptoms and being used in the treatment of stress-related disorders, among other psychiatric illnesses (Petersen et al., 2019). Recent research shows its sedative property (Volgin et al. (2020). Similarly, the plnt has been reportedly used for the treatment of schizophrenia (Krum et al. 2021). Studies reported to date have investigated roots, leaves, or stem peelings of various varieties. The issues discussed above highlight the significance of the study of Kava extracts in the identification of a candidate anti-convulsant agent that may alleviate the severity of seizures without the need to suffer the cognitive and behavioral side effects that are associated with currently available anti-epileptic drugs (AED). This study reports the neuroprotective role of Piper methysticum in Phenytoin-Induced Cognitive Dysfunction
2.	MATERIALS AND METHODS
2.1 Plant Materials
The leaves of Piper methysticum used in this experiment were collected from Iwo in Osun State, Nigeria. They were identified by a botanist (Mr. I.I Ogunlowo) in the herbarium of the Pharmacognosy Department, Faculty of Pharmacy, Obafemi Awolowo University, Ile Ife, Nigeria, where a voucher specimen was kept with the voucher number FPI 2378. The leaves were washed, air-dried, and then pulverized using a mortar and pestle.
2.2 Extraction Procedure
One thousand grams of the pulverized, air-dried leaves of Piper methysticum were poured into 500 mL of absolute methanol in a conical flask. The mixture was shaken vigorously and then allowed to stand for 72 hours. It was subsequently filtered using Whatman (No. 1) filter paper, and the filtrate was evaporated at 50°C using a rotary evaporator (Wadood et al. 2013; Wakeel et al., 2018). The concentrated extract was stored at −4°C in the freezer until use.
2.3 Kindling induction and anticonvulsant test 
Animal were administered with the different treatments, and 60 min later they were intraperitoneally injected with a sub-convulsant dose of PTZ (35 mg/kg) (Singh et al., 2013). This procedure was repeated every two consecutive days (48 ± 2 h) up to 14 days experiment (day 1, day 3, day 5…), until stage 5 seizures were achieved according to the Racine scale: occurrence of generalized tonic-clonic seizures accompanied with loss of righting reflex was stage 5; occurrence of rearing accompanied with bilateral forelimb clonus was stage 4; occurrence of unilateral forelimb-clonus was stage 3; occurrence of head nodding and clonus accompanied with myoclonic jerk was classified as stage 2; occurrence of hyperactivity and vibrissal twitching was classified as stage 1; when there is no response the behaviour is classified as stage 0 (Günaydın et al., 2020). Mice were considered fully-kindled if they presented stage 5 seizures on two consecutive PTZ injection. Animals were also observed for 24-hours mortality (Taiwe et al., 2016). After the kindling injection, behavioural parameters were evaluated in the different group of mice.
2.4 Passive avoidance task (PAT)
The passive avoidance (PA) task, a widely used method for assessing learning and memory, was employed with modifications (Moosavi et al., 2018; Gomaa et al., 2019;). The apparatus consisted of a continuous avoidance chamber with an inverted petri dish as a shock-free zone in the center. Mice were placed in the shock-free zone and received a 20 V electric shock upon stepping down onto the grid floor.Training involved remaining in the shock-free zone for ≥60 seconds (Jain et al., 2012; Barzegar et al. 2015; Khodamoradi et al. 2015).. Animals failing to meet this criterion within five trials were excluded. Acquisition was defined as the number of trials required to reach the learning criterion, and observations were made accordingly. Retention of learning was assessed for 10 minutes at two time points: 2 hours and 24 hours post-training. The retention parameters assessed (Asadbegi et al. 2017; Ganji et al. 2017b) included: Step-down latency (SDL): the time taken in seconds for the animal to step down from the safe zone, Step-down error (SDE): the number of instances the animal stepped down from the safe zone (Sau & Handral, 2015) 
Time Spent in Shock Zone (TSZ): The duration (in seconds) an animal spent in the shock zone. Phenytoin (PHT) was administered in single doses of 40, 80, and 160 mg/kg, corresponding to effective plasma concentrations in animal anticonvulsant experiments (Sudha et al., 1995; Wong-Guerra et al., 2017). Chronic PHT administration (40 mg/kg) was conducted for 7 and 14 days. The effects of combining the memory-impairing dose of PHT (40 mg/kg for 14 days) with the nootropic dose of MREPM (100 mg/kg, po for 7 days) were evaluated, with MREPM added during the second week of PHT therapy.
3. RESULTS.
3.1. Passive avoidance response
3.1.1 Effect on memory functions
The results of the passive shock avoidance paradigm showed that the combined treatment group had significantly (p < 0.05) fewer step-down errors (SDE) and increased step down latency (SDL). Conversely, the PTZ-control and phenytoin per se groups exhibited impaired memory retrieval, as evidenced by increased SDE and decreased step-down latency (SDL) on days 7 and 14 following PTZ challenge, compared to non-kindled naïve animals. Treatment with phenytoin per se further worsened memory function, with significant increases in SDE and decreases in SDL on day 14 compared to day 7. However, combined treatment with phenytoin and MREPM (400 mg/kg) significantly (p < 0.05) improved memory function, decreasing SDE and increasing SDL compared to PTZ-control and phenytoin per se groups.

Effect of Acute Phenytoin Treatment on Retention Performance in the Passive Avoidance Test in Mice
Acute studies revealed that a high dose of PHT significantly impaired cognitive function dose-dependently, as evidenced by decreased SDL, increased SDE, and enlarged TSZ significantly (p<0.05).
 Table 1: Effect of Acute Phenytoin Treatment on Retention Performance in the Passive Avoidance Test in Mice
	TREATMENTS     DOSES (mg/kg)
	RETENSION** 2 hrs

	
	SDE                     SDL (s)                                TLZ (s)

	Control                                0              4.78±0.31             221.07±12.37                   47.25±9.41
PHT                                  40               7.01±0.02*           167.34±14.63*                89.71±11.03*
PHT                                  80               7.81±0.51*           138.1±14.03*                  101.09±13.42* 
PHT                                  160             8.35±0.72*           75.01±11.31*                113.52±16.17*


**Values are recorded as means±SEM (n=5).                                                                                 *Values are statistically significant (p<0.05) in relation to control. One way ANOVA followed by Newman-Keuls Multiple Comparison tests
SDL, step-down latency; SDE, step-down errors; TSZ, time in shock zone.
Chronic Effects of Phenytoin, Piper methysticum methanol root extract, and Their Combination on Passive-Avoidance Learning and Memory in Mice
Phenytoin (PHT) significantly impaired cognitive function, as evidenced by: Increased trials required for acquisition, Decreased step-down latency (SDL), increased step-down errors (SDE) and time spent in the shock zone (TSZ) at 2 h post-training. Furthermore, at 24 h post-training: SDL decreased significantly (p < 0.05), SDE increased significantly (p < 0.05), TSZ increased, albeit with a lower level of significance (p < 0.05). These findings indicate that PHT caused pronounced cognitive impairment, which persisted even after 24 h. Administration of Piper methysticum extract had a profound opposite effect, demonstrating improved cognitive performance: Significant reduction in acquisition trials (p < 0.05), Decreased step-down errors (SDE) and time spent in the shock zone (TSZ) (p < 0.05, respectively, at 2 h post-training. Similarly, there was a significant change in step-down latency (Table 2a). At 24 h post-training, a significant decrease in TSZ (p < 0.05) was observed. A combined therapy regimen, involving PHT+MREPM, significantly reversed PHT-induced cognitive deficits, as evidenced by: Improved retention parameters at 2 h post-training: decreased SDE (p < 0.05) and TSZ (p < 0.01), enhanced retention parameters at 24 h post-training: increased SDL and decreased SDE and TSZ (p < 0.05)
Table 2a: Chronic Effects of Phenytoin, Piper methysticum methanol root extract, and Their Combination on Passive-Avoidance Learning and Memory in Mice: A 2-Hour Observation Study
	TREATMENTS     DOSES (mg/kg)        TRA
	
	RETENSION** 2 hrs

	
	
	 SDE               SDL (s)              TLZ (s)

	Control x 14 days             0                   4.1±0.17       4.7±0.01       193.7±13.31      58.6±6.41
PHT x 14 days                 40                 4.3±0.21       6.91±0.02      68.3±7.13          263.7±14.03
MREPM x 7 days            400                3.2±0.07       3.1±0.05        225.1±17.03      30.4±5.01 
PHT + MREPM         40+400               5.7±0.35       2.9±0.21        235.7±9.31        79.5±11.17


**Values are recorded as means±SEM (n=5).                                                                                 *Values are statistically significant (p<0.05) in relation to control. One way ANOVA followed by Newman-Keuls Multiple Comparison tests
SDL, step-down latency; TRA, Trial require for acquisition; SDE, step-down errors; TSZ, time in shock zone.
Table 2b: Effect of phenytoin, methanol root extract of Piper methysticum and their combination (chronic treatment) on acquisition and retention performance in a passive-avoidance paradigm in mice after two hours observation
	TREATMENTS      DOSES (mg/kg)        TRA
	
	RETENSION** 24 hrs

	
	
	 SDE                 SDL (s)              TLZ (s)

	Control x 14 days            0                     5.3±0.23          2.3±0.05         471.3±17.01       7.6±1.21
PHT x 14 days               40                    4.9±0.35          3.1±0.02          125.1±9.31         81.7±9.13
MREPM x 7 days          400                   3.7±0.15          1.3±0.05         501.7±19.12       1.7±0.01 
PHT + MREPM         40+400                5.7±0.35          1.7±0.01          307.1±12.67       13.5±1.07


**Values are recorded as means±SEM (n=5).                                                                                 *Values are statistically significant (p<0.05) in relation to control. One way ANOVA followed by Newman-Keuls Multiple Comparison tests
SDL, step-down latency; TRA, Trial require for acquisition; SDE, step-down errors; TSZ, time in shock zone.
PTZ-induced convulsions
As shown in Table 3, the results indicate that Phenytoin (40 mg/kg, p.o., for 14 days) provided complete protection (100%) against PTZ-induced seizures, characterized by abolition of the tonic extensor phase, reduced stupor, and prolonged clonus.  MREPM (100 mg/kg, p.o., for 7 days) had no significant impact on the studied parameters. The combination of phenytoin and Piper methysticum extract yielded effects similar to those of phenytoin alone. A lower dose of phenytoin (40 mg/kg, p.o., for 14 days) significantly reduced the duration of the extensor phase and stupor. Adding MREPM (100 mg/kg, p.o., for 7 days) to the lower dose of phenytoin produced similar effects. The PTZ test revealed that the 100 mg/kg dose of MREPM offered 100% protection against tonic hindlimb extension in mice.

Effect on PTZ-induced kindling
Phenytoin per se was found to be effective only on days 7 and 14 in suppression of seizures, whereas combined treatment of phenytoin with the MREPM at the dose of 100, 200, and 400 mg/kg ameliorated seizure severity on all days compared with both PTZ-control and phenytoin per se group significantly (p<05) in a dose-dependent manner (Table 3).
Table 3 : Effect of MREPM on phenytoin-treated seizure severity in PTZ-induced kindling on days 7 and 14 

	Treatments                   Doses (mg/kg)
	Seizure severity scores**

	
	Day 7                  Day 14

	PTZ                                      35                                                        5.34±0.12            4.81±0.21
Phenytoin                             40                                                        3.27±0.07            3.13±0.15
Phenytoin+MREPM          40+100                                                  3.05±0.05            2.89±0.02
Phenytoin+MREPM          40+200                                                  2.37±0.01            2.01±0.03
Phenytoin+MREPM          40+400                                                  1.92±0.03            1.48±0.05


**Values are recorded as means±SEM (n=5).                                                                                 *Values are statistically significant (p<0.05) in relation to control. One way ANOVA followed by Newman-Keuls Multiple Comparison tests

4. DISCUSSION
The present study demonstrated that a 14-day treatment with phenytoin (PHT, 40 mg/kg, p.o.) impaired cognitive function in mice, as measured by the passive avoidance (PA) task. Notably, a single high-dose administration (160 mg/kg, p.o.) also resulted in cognitive deficits, despite achieving therapeutic efficacy as reported earlier (Sudha et al., 1995; Ganguly et al., 2017). These findings are in agreement with previous reports of PHT's adverse effects on memory function (Aldenkamp et al., 1994; Sudha et al., 1995). The PTZ kindling model is a valuable experimental animal model for evaluating antiepileptic drugs and studying the pathogenesis of epilepsy (Zhang, et al., 2017). Kindling is a process that involves repeated stimulation of the brain, resulting in a gradual decrease in seizure threshold and the development of repetitive seizures. These seizures can progress to generalized tonic-clonic seizures, often accompanied by cognitive impairments (Samokhina & Samokhin, 2018). The administration of PTZ at sub-convulsive doses allows for the assessment of convulsant activity. The seizure score is used to evaluate the seizure-protective effect of drugs, with higher scores indicating reduced seizure protection (Sachett et al., 2022). In line to these observations, in the present study, kindled animals showed memory impairment indicated by increased number of step down errors and decreased SDL in passive shock avoidance paradigm. SDL and the number of step down errors committed show the retrieval of memory (Sau & Handral, 2015). The memory functions were further worsened by phenytoin per se treatment. These results are in line with the previous reports showing increased cognitive impairment with phenytoin (Merten et al., 2022). Increased oxidative stress by conventional antiepileptic drugs has been proposed to be a possible cause of worsening of memory impairment (Citation2010). The antiepileptic drugs like valproic acid, phenytoin, and carbamazepine induce abnormal production of reactive oxygen species (Alachkar et al., 2020). Combination of these drugs with 3 antioxidants have been found to ameliorate epilepsy and associated neurological comorbidities (Lee et al., 2019).
Co-administration of MREPM with phenytoin in the second week of a 2-week regimen significantly reversed PHT-induced cognitive impairment, affecting both acquisition and retention. This protective effect was observed across all tested parameters, except for the initial step-down latency, which was also unaffected by MREPM alone. These findings suggest that MREPM may not enhance immediate recall, but rather improve subsequent memory consolidation. MREPM's Cognitive-enhancing effect on memory has been demonstrated in various models, and our findings on the passive-avoidance task align with previous reports. Additionally, recent studies observed anticonvulsant properties of MREPM at doses slightly higher than those required for its cognitive-enhancing action.
In contrast to its memory-enhancing effects, our study found no evidence of anticonvulsant activity of MREPM against PTZ-induced seizures, even at higher doses. Additionally, MREPM did not exhibit pro- or anticonvulsant properties in the increasing current PTZ seizure threshold model. Co-administration of MREPM with phenytoin did not significantly inhibit or potentiate anticonvulsant activity.
These findings suggest that MREPM holds significant promise as a potential adjunctive therapy for enhancing cognitive function in patients treated with phenytoin, without compromising its anticonvulsant efficacy. Systematic investigation of MREPM as an add-on therapy is warranted. Motor stimulation is a potential confounding factor in assessing the cognitive effects of phenytoin (Ray et al., 2020). However, it is unlikely that motor stimulation contributed to the phenytoin-induced cognitive deficit observed in this study, since our previous findings indicate that locomotor activity only affects step-down errors, whereas step-down latency and time spent in the shock zone remain unaffected (Rezvani-Kamran et al., 2017). Moreover, the mild stimulation observed with PHT was not statistically significant.
Previous studies have demonstrated that phenytoin reduces the response of guinea pig ileum to acetylcholine (Asadbegi et al., 2017) and decreases brain ACh levels (Zhang et al., 2012). These changes in ACh activity are thought to contribute to phenytoin's detrimental effects on learning and memory (Sudha et al., 1995; Sivera et al., 2019). It is possible that MREPM's cognitive-enhancing effects involve modulation of cholinergic activity, which may counteract the negative effects of phenytoin on cognitive function.
The ability of MREPM to mitigate phenytoin-induced cognitive deficits suggests that the extract may modulate cognitive function by influencing the noradrenergic and serotonergic systems, potentially offsetting the negative cognitive effects of phenytoin. To fully elucidate the neurochemical mechanisms underlying the cognitive-enhancing effects of MREPM, further research is warranted, which may uncover its therapeutic potential for cognitive enhancement.
CONCLUSION
In conclusion, this study shows that Piper methysticum mitigates cognitive deficits induced by phenytoin (PHT) without compromising its anticonvulsant effectiveness. These findings suggest that Piper methysticum holds promise as a potential adjunctive therapy for addressing cognitive impairment associated with antiepileptic drugs. Further research is needed to explore the therapeutic potential of Piper methysticum in combination with other antiepileptic medications.
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