


Neuro-modulatory Potency of Sinapic acid in tramadol hydrochloride excessive exposure induced Anxiety-like Behavior, Neuro-Inflammatory cytokine, oxidative, and morphological damage in the pre-frontal cortex in rats’ model.
[bookmark: _GoBack]
Abstract
Tramadol hydrochloride (TRM) is widely used for pain management, but chronic exposure can lead to neurotoxicity. Sinapic acid (SA) has been reported to be a potent antioxidant. This study investigates the impacts of SA against TRM-induced oxidative and morphological damage in the pre-frontal cortex.
Thirty male Sprague Dawley rats were randomized into five groups of six (n=6) rats. Group A control received 1 ml normal saline, group B received 50 mg /kg body weight (bwt) TRM, group C received 40 mg/kg bwt SA, group D received 50 mg /kg bwt  TRM and 40 mg/kg bwt SA and group E received 40 mg/kg bwt SA and 50 mg /kg bwt TRM intraperitoneally (i.p) for 30 days. Parameters tested include spatial working memory, anxiety-like behavior, malondialdehyde (MDA), superoxide dismutase (SOD), Catalase (CAT), 8-Hydroxydeoxyguanosine (8-OHdG), Glutathione-S-transferase (GST), glutathione reductase (GR), Gama amino Butyric Acid (GABA), Brain-derived neurotrophic factor (BDNF), serotonin (5-HT), dopamine (DA), Nuclear-related factor 2 (Nrf2), interleukin-6 (IL-6 ), interleukin-1 (IL-1), total antioxidant capacity (TAC), total oxidant capacity (TOC), Acetylcholinesterase (AChE), glycogen (GL), Cholesterol (CL), total proteins (TP) and histology.
TRM increases brain MDA, 8OHdG, TOC, IL-1, and IL-6 and decreases GST, GR, SOD, CAT, TAC, Nrf2, brain parameters (AChE, 5-TH, DA, and GABA), and BDNF. TRM exhibited neuronal degeneration. Treatment with SA showed a significant reversal in the levels of these biomarkers and protected brain tissue from TRM-induced histopathological changes.  
Therefore these findings support the potential therapeutic use of SA in mitigating behavioral and biochemical impairment associated with chronic TRM exposure. 
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1 Introduction 	
Tramadol hydrochloride (TRM) is a biosynthetic analgesic with opioid and non-opioid characteristics that primarily target the central nervous system (Kawai et al, 2022). It is mainly utilized to alleviate pain, but it has also been shown to improve anxiety and depression (Ezi et al.,2024).  It acts as a dual mechanism analgesic, combining mu-opioid receptor agonism with inhibition of serotonin and norepinephrine reuptake (Adelakun et al., 2021a; Shinkai et al, 2023). Due to its perceived lower risk of addiction and respiratory depression compared to traditional opioids, tramadol has become increasingly popular in clinical practice (Atay et al, 2023). However, emerging evidence suggests that chronic use of TRM may lead to neurotoxic effects, including morphological and oxidative damage in the brain (Kawai et al, 2023). Tramadol-induced neurotoxicity encompasses a range of detrimental effects on the central nervous system, including the frontal cortex (Jendi and Talathi, 2019). This brain region plays a crucial role in executive functions, decision-making, emotional regulation, and cognitive control, making it particularly susceptible to neurotoxic insults (Massarella et al., 2019). Chronic tramadol exposure has been associated with neuronal degeneration, synaptic alterations, gliosis, and inflammatory responses in the frontal cortex, leading to functional deficits in cognitive and emotional processing (Suzuki et al.,2024). Several mechanisms contribute to tramadol-induced neurotoxicity in the frontal cortex, with oxidative stress and inflammation playing prominent roles (Barbosa et al.,2021). Tramadol metabolism generates reactive oxygen species (ROS) and reactive metabolites, leading to oxidative damage to lipids, proteins, and DNA (Sheweita et al.,2022). Moreover, tramadol-induced inhibition of antioxidant enzymes exacerbates oxidative stress, impairing cellular homeostasis and promoting neuronal injury (Soares-Cardoso et al.,2024). In addition to oxidative stress, tramadol exposure triggers inflammatory responses in the frontal cortex, characterized by microglial activation, cytokine release, and astrocyte reactivity (Mehranpour et al.,2023). Chronic neuroinflammation contributes to neuronal dysfunction and degeneration by perpetuating oxidative damage, disrupting synaptic connectivity, and impairing neurodegenerative processes (Gascon et al, 2019). Pro-inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1β), play a pivotal role in mediating tramadol-induced neuroinflammatory cascades in the frontal cortex, exacerbating neuronal vulnerability and promoting neurodegeneration (Wang et al., 2023).
                 Sinapic acid, on the other hand, is a natural phenolic compound found in various plants and dietary sources such as fruits, vegetables, and grains (Lee et al., 2021). It has attracted attention for its potential neuroprotective properties, particularly its antioxidant and anti-inflammatory effects (Yang et al., 2018). Studies have shown that sinapic acid can scavenge free radicals, inhibit lipid peroxidation, and modulate inflammatory pathways, it suggests that sinapic acid may offer protection against neurotoxic insults, including those induced by tramadol, through its antioxidant and anti-inflammatory mechanisms (Lan et al., 2024). Sinapic acid exhibits potent antioxidant activity by scavenging free radicals and inhibiting lipid peroxidation (Zych et al., 2019). Through these mechanisms, sinapic acid helps mitigate oxidative stress, which is a hallmark of tramadol-induced neurotoxicity in the frontal cortex (Avcı et al., 2022). Additionally, sinapic acid has been shown to enhance the activity of endogenous antioxidant enzymes, such as superoxide dismutase (SOD) and catalase, thereby augmenting cellular antioxidant defenses (Kumar and Goel., 2019). In addition to its antioxidant effects, sinapic acid possesses anti-inflammatory properties that may contribute to its neuroprotective effects (Zych et al., 2018). Sinapic acid has been shown to modulate inflammatory signaling pathways and suppress the production of pro-inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α) and interleukin-1 beta (IL-1β) (Lee et al., 2023). By attenuating neuroinflammation, sinapic acid may help mitigate the inflammatory component of tramadol-induced neurotoxicity in the frontal cortex (Jang et al.,2023)
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Figure 1. Chemical structure of sinapic acid (Shahid et al., 2022)

2 Materials and Methods 
2.1 Drugs and Chemicals
Tramadol hydrochloride and Sinapic acid, phosphate-buffered saline (PBS), CDNB (1-chloro-2.4dinitrobenzene), DTNB (5,5'dithio-bis-(2-nitrobenzoic acid)), thiobarbituric acid (TBA), GSH (reduced glutathione), GSSG (oxidized glutathione), catalase (CAT), and hydrogen peroxide (H2O2),   and epinephrine bathophenanthroline and NADPH (nicotinamide adenine dinucleotide phosphate reduced form) were obtained from Sigma Chemical Co.(St. Louis, MO, USA). Mouse IL-6, IL-1, and Nrf2 ELISA kits were purchased from Ray Biotech (Peachtree Corners, GA, and USA).  All other chemicals used in the experiment were of analytical grade and were obtained from commercial sources.

2.2 Animal model
Adult Sprague Dawley strain male albino rats (150–170 g) were bred in the Animal facility of the Department of Human Anatomy, Federal University of Technology, Akure Nigeria were used for the study. The animals were kept housed in cages with two to three rats in each cage and were maintained under standard laboratory conditions of humidity (55–60 %) and temperature (22 ± 2 °C), and a 12-h light/dark cycle (light from 7:00 to 19:00), Animals were fed with a pelleted standard rat diet and water ad libitum. All procedures performed in the study complied with the ethical standards of the Federal University of Technology, Akure Nigeria bioethical committee and with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards.



2.3 Experimental design
Twenty-five (25) male rats were randomized into five groups of five (n=6) rats each. Group A served as control was given 1 ml normal saline, group B received 50 mg /kg body weight tramadol hydrochloride, group C received 40 mg/kg body weight of sinapic acid, group D received 50 mg /kg body weight tramadol hydrochloride and 40 mg/kg body weight of Sinapic Acid and group E received 40 mg/kg body weight of sinapic acid and 50 mg /kg body weight tramadol hydrochloride through intraperitoneal (i.p) route daily for 28 days. 
 2.3 Behavioral Tests
2.3.1 Y Maze Test
The y-maze test was employed to analyze the percentage of spontaneous alternation, a measure of the spatial working memory of the animal (Prieur and Jadavji, 2019; Ogunlade et al., 2021a; Siyanbade et al.,2024a). The maze forms a Y shape with three arms of equal lengths, each at an angle of 1200 from the other. One of the arms was designated as the starting arm, and all animals were positioned at the end of this arm, pointing toward the center of the maze. The mice underwent 8 minutes of testing in the y-maze. The examination of three separate arms in succession was considered a single alternation. Serial arm entries were recorded for each animal to calculate the percentage of spontaneous alternations using the formula below. % spontaneous alternation = total alternations/ (total arm entries-2) x100

2.3.2 Elevated Plus-Maze Test
Elevated plus-maze (EPM) is a commonly used apparatus to assess anxiety-like behavior in animals Carola et al., 2002. The EPM device was built of wood, with four arms spaced 900 apart. A 40-centimeter high wall surrounds two open arms and two closed arms, each measuring 50x10 cm. After 60 days of experimentation, all mice were moved to the pretest arena and kept for 5 minutes. The mice were subsequently transported to the EPM, which was 50 cm above ground level. All mice were released in the maze's center, pointing towards the open arm, and a video recording device was placed above the EPM apparatus to record the number of entries and time spent in each arm for 5 minutes. Because the open arm is bright and unprotected, but the closed arm is gloomy and sheltered, stressed rat choose to remain in the closed arm. To explore rat's anxiety-like behavior, the percentage open arm entries and percentage open arm time were determined using the formula below.
% open arm entries = number of entries in open arm/ (closed arm entries + open arm entries) x100
% time spent in open arm = time spent in open arm/ (time spent in open arm + time spent in closed arm) x100
2.4 Animal sacrifice and Sample collection 
After 24 hours, animals were sedated with pentobarbital sodium (40 mg/kg, i.p.) (Adelakun et al.,2024a). The frontal cortex tissues were isolated when the animals were sacrificed via cervical dislocation. After that, the tissues were rinsed with regular saline. One portion of the tissues was preserved in 10% phosphate-buffered formalin for histological investigation. For biochemical analysis, the remaining part was homogenized in 0.1 M ice-cold Tris-HCl buffer (1/10 w/v, pH 7.4) (Adelakun et al.,2021b)
2.5 Preparation of tissue homogenates
The brain was separated, weighed, and homogenized using a micro homogenizer (Iuchi, Osaka, Japan) in 3 ml of phosphate buffer. The crude tissue homogenate was spun at 10,000 rpm for 15 minutes in a cool centrifuge, and the resulting supernatant was utilized to estimate biochemical analysis (Adelakun et al., 2024b).
2.6 Biochemical Assay 
2.6.1 Determination of Lipid Peroxidation 
Lipid peroxidation as evidenced by the formation of thiobarbituric acid reacting substances (TBARS), was measured by the method of Adelakun et al.,2018a and Esterbauer and Cheeseman,1990. 250 microliters of tissue homogenate were added to 1.5 mL of 1% phosphoric acid (pH 2.0) and 1 mL of 0.6% of TBA in air light tubes and the samples were cooled to room temperature and MDA (malondialdehyde)- TBA was extracted with 2.5 mL of butanol. The organic phase was separated by centrifugation for 5 min at 2000 g and measured at 532 nm. A 99% TBARS are MDA, so the TBARS concentration of the samples were calculated using the extinction coefficient of MDA is 1.56 × 105 M−1cm−1. Lipid peroxidation is expressed as nmol TBARS/mg prot (Adelakun et al.,2020; Olawuyi et al.,2019).

2.6.2 Determination of Brain superoxide dismutase (SOD)
Superoxide dismutase (SOD) is an endogenous antioxidant enzyme that catalyzes the superoxide into molecular oxygen (O2) and hydrogen peroxide (H2O2). SOD activity was analyzed by nitroblue tetrazolium (NBT) method which is based on the principle that NBT undergoes a photo-reduction (a blue-colored formazan) by superoxide radicals when exposed to light. It competes with the enzyme SOD for superoxide anions (Adelakun et al.,2019; Akwu et al.,2022; Ogunlade et al.,2012). With the presence of SOD in the reaction mixture, NBT produces a lesser quantity of colored complexes as compared to the control. Prefrontal cortex tissue homogenate (500µL) was mixed with chloroform (300 µL) and ethanol (500 µL). The mixture was centrifuged at 18,000_ g for 30 min then 50 _L of supernatant was taken and mixed with 900µL of SOD reagent (0.1 mmol/L xanthine, 0.1 mmol/L EDTA, 50 mg bovine serum albumin, 25 mmol/L NBT, and 40 mmol/L Na2CO3) (pH 10.2). Further, twenty-five units of xanthine oxidase were added to the mixture and incubated for 20 min at 250C. The reaction was stopped by adding 1 mL of CuCl2 (0.8 mmol/L) and absorbance was recorded at 560 nm (Adelakun et al.,2018b; Weydert and Cullen, 2010).  
2.6.3 Determination of Glutathione S-transferase activity (GST) assay
Glutathione-S-transferase (GST) activity of tissues was measured spectrophotometrically by the method of Habig et al., 1974 using CDNB as the electrophilic substrate that binds to GSH with the participation of the enzyme and forms a colored GSH-substrate complex, detected at 340 nm. The activity of GST was expressed in terms of μmol CDNB-GSH conjugate formed/min/mg protein.  
2.6.4 Determination of Glutathione reductase activity (GR) assay 
An analysis of glutathione reductase activity (GR) was conducted as described previously (Beutler 1963). Incubation at 37 ◦ C for 5 min was performed after mixing 0.1 mL of sodium azide, 0.5 mL of potassium phosphate buffer (pH 7.4), 0.1 mL of H2O2, 0.2 mL of test solution, and 0.5 mL of the sample. After adding 0.5 ml of TCA, the mixture was centrifuged, and the absorbance at 412 nm was measured. GR activity is presented as nmol/min/mg protein (Adelakun et al.,2022a).
2.6.5 Determination of Catalase (CAT)
Catalase is another endogenous antioxidant enzyme present in every living organism. This enzyme catalyzes the decomposition of H2O2 into O2 and water (H2O). The activity of the catalase enzyme was analyzed by a spectrophotometer at 240 nm. Briefly, 1 mL of the brain homogenate was taken in a test tube and 1.9 mL of the phosphate buffer (50 mM, pH 7.4) was added. The reaction was initiated by the addition of 1 mL of 30 mM H2O2. The mixture of 2.9 mL of phosphate buffer and 1 mL of H2O2 without the brain homogenate was taken as blank. The decomposition of H2O2 resulted in the reduction of absorbance, which was recorded at 240 nm against the blank. The unit of catalase activity was expressed as the amount of enzyme that decomposes 1µM of H2O2 per min at 250C using the molar coefficient of 43.6 M-1 cm-1 and the activity was expressed in terms of unit/mg proteins (Adelakun et al.,2022b; Luis et al., 2018; Ogunlade et al.,2021b). 
2.6.6 Determination of 8-Hydroxydeoxyguanosine (8-OHdG) assay 
Isolation and hydrolysis of brain DNA were performed using the method of Lodovici et al. (1997). The hydrolyzed mixture was finally centrifuged and the supernatant was injected into the HPLC. The separation of 8-OH-2DG was performed with an LC/Agilent 1200 series HPLC apparatus (USA) using a UV detector. For chromatographic separation we usedC18 reverse phase columns in series (Supelco, 5 pm, I.D. 0.46×25 cm); the eluting solution was H2O/CH3OH (85: 15 v/v) with 50 mMKH2PO4, pH 5.5 at a flow rate of 0.68 mL/min. The UV detector was set at 245 nm. The resulting chromatogram identified the concentration from the sample as compared to that of the standard purchased from Sigma 
2.6.7 Determination of Gama amino Butyric Acid (GABA)
 Levels of Gamma Amino Butyric Acid were quantified using commercially available ELISA-based kits, following the guidelines provided by the manufacturer (Lifespan Biosciences, USA). The competitive inhibition enzyme immunoassay technique utilized in this assay demonstrates an inverse relationship between the concentration of Gama Amino Butyric Acid in the sample and the intensity of the assay signal.


2.6.8 Determination of Brain-derived neurotrophic factor (BDNF)
 The determination of level was assessed by an ELISA-based commercially available kit (Invitrogen Corporation Camarillo, California, USA) following the company’s instructions.
2.6.9 Assessment of inflammatory markers (Nrf2 and IL-6, IL-1) 
Nuclear-related factor 2 (Nrf2), IL-6 (interleukin-6), and IL-1 (interleukin-1) contents were assayed in brain tissues as detailed by the manufacturer (LifeSpan Biosciences, USA). In brief, the wells, precoated with Nrf2 and IL-6, IL-1 antibodies, were incubated for 2h. At ambient temperature with standards or brain tissue homogenates. Wells were washed and incubated for 1 h with corresponding biotin-labeled antibodies at room temperature. Further incubation with secondary antibodies and TMB medium was performed sequentially. The absorbance of each well was read at 450 nm. These data are presented as picograms per milligram protein (pg/ mg protein).
2.6.10 Determination of Brain total antioxidant capacity and total oxidant capacity
Brain homogenate samples for the measurement of total antioxidant capacity (TAC) and total oxidant capacity (TOC) were stored at –80 ° C until needed. The TOC and TAC of the rat homogenate samples were measured automatically with an Architect C8000-Abbott auto-analyzer device (Abbott, Wiesbaden, Germany). 
2.6.11 Measurement of Brain total oxidant capacity (TOC)
In a sample, oxidants convert the ferrous ion-o-dianisidine complex to a ferric ion. In the reaction media, an abundance of glycerol molecules intensifies the oxidation reaction. In an acidic environment, the ferric ion and xylenol orange combine to form a colorful complex. The total number of oxidant molecules in the sample is correlated with the color intensity, which is spectrophotometrically measurable. Hydrogen peroxide was used to calibrate the test. According to Adelakun et al. (2023), the findings are presented in micromolar hydrogen peroxide equivalent per liter (μmol H2O2 Eq/L).
2.6.12 Measurement of Brain total antioxidant capacity (TAC) 
This was accomplished using the novel automated measurement method that Erel (2004) outlined. This method assesses the sample's antioxidant protection against strong free radical reactions brought on by hydroxyl radicals. The test was less than 3% sensitive. Mmol Trolox Eq/L is the unit of measurement for the results (Erel, 2004).
2.6.13 Measurement of tissue Acetylcholinesterase (AChE)  
Acetylcholinesterase (AChE) activity in brain tissue was estimated using the method of Ellman et al., (1961). The reaction mixture was composed of 2.8 ml of phosphate buffer, 0.1 ml of Ellman’s reagent, and 0.5 ml of tissue homogenate. This reaction was initiated by the addition of 0.1 ml of acetylcholine iodide and the absorbance was measured at 412nm. Values were expressed in millimoles per gram of wet tissue using an extinction coefficient of 13.6 × 103 M−1cm−1
2.6.14 Determination of Dopamine (DA), and Serotonin (5-HT)
Dopamine (DA) and Norepinephrine (NE) was determined using ELISA-based kits following the method detailed by the supplier (Biomatic, USA). The competitive inhibition enzyme immunoassay technique utilized in this assay demonstrates a negative relationship between sample concentration and the intensity of the assay signal. Serotonin (5HT) levels were assessed by employing a serotonin ELISA Kit (Abcam, Cambridge, MA, USA), following the guidelines provided by the manufacturer. Samples were evaluated in triplicate, and the data were presented as nanograms of serotonin per milligram of protein. 
2.6.15 Measurement of tissue glycogen content 
The amount of glycogen in tissue extract was assessed by Montgomery's (1957) method. The sample was mixed with distilled water followed by phenol. The mixture was shaken well, and concentrated H2SO4 was added and made stable at room temperature for 15 minutes. The absorbance was recorded at 490nm.
2.6.15 Measurement of tissue cholesterol content 
The cholesterol content in the tissues was estimated by the method of Zlatkis et al., (1953). The test sample was mixed with ferric chloride-acetic acid re-agent and was incubated for 2min. The sample was centrifuged at 2000rpm and the supernatant was mixed with 3ml of concentrated H2SO4 followed by incubation for 10 min at room temperature. The optical density was measured at 560nm, and the values of samples were read against blank. The values were expressed in milligrams per gram of wet tissue (Adelakun et al.,2018c).
2.6.16 Measurement of total proteins in tissue 
The quantitative estimation of total protein in brain tissue was done by the method of Lowry et al., (1951). The final mixture consisted of sample and distilled water followed by reagent C (2% Na2CO3 and 0.5% CuSO4.5H2O solution). This solution was incubated at room temperature, followed by the addition of reagent D (folin-phenol reagent). The intensity of the color was determined at 520nm. The values were expressed in milligrams per gram of wet tissue, and these values were read on the graph against corresponding values of standard solution


2.7 Determination of frontal cortex Morphometric and Histopathological 

To prevent stress hormone interference, the rats from each group were chosen at random and sacrificed early in the morning (between 9:00 and 11:00 a.m.). The brains of dissected rats were preserved in 10% formaldehyde and treated in a methanol/chloroform/acetic acid solution (6:3:1) for histological examination (Omotoso et al., 2019; Oyeniran et al., 2021). The brain tissues were then cleared with xylene and dehydrated in ethanol. Hematoxylin (H) and eosin (E) were used to treat and stain the slides after the brain tissues were embedded in Paraplast Plus and coronal sections of 3 m thickness were cut using a microtome (Adelakun et al., 2021c; Drury and Wallington, 1980; Ukwenya et al., 2020). Slides were mounted for microscopic inspection following dehydration with an ethanol series (Adelakun et al., 2024c; Ogunlade et al., 2020a). The prefrontal area of the brain was examined to do morphometry. For analysis, five slices of every brain sample were stained. Using an Olympus BX43 light microscope (Olympus, Tokyo, Japan), the neurotoxic effect of TRM and the neuroprotective effect of sinapic acid on neuronal cells were qualitatively examined. Non-viable neurons were identified by looking for pyknotic nuclei or hypereosinophilic cytoplasm.
2.8 Statistical analysis 
Results were analyzed using the One-way analysis of variance (ANOVA) and Tukey's multiple comparisons test with the aid of GraphPad Prism 9 (GraphPad Software, La Jolla, California, USA) to ascertain significant differences in the treatment groups. P values less than 0.05 were considered to be significant.


3 Results
3.1 Sinapic acid (SA) improves the Spatial Working Memory of rats Exposed to Excessive tramadol hydrochloride 
Most neurodegenerative disease patients experience significant deterioration in their behaviors, including reduced memory and learning abilities. In the Y-maze test, TRM-treated rats showed a substantial decrease in spontaneous alternation compared to control groups (p<0.05). Thus, TRM-treated rats have poor spatial working memory. The SA post-treatment and pre-treatment in (TRM+SA and SA+TRM) significantly increased spontaneous alternation in TRM-treated rats compared to the TRM-treated group (p < 0.05). As a result, our finding suggests that SA can reduce TRM-induced spatial memory deficit [Figure 2].

3.2 Sinapic acid (SA) Ameliorates TRM-Induced Anxiety-like Behavior of rats Exposed to Excessive tramadol hydrochloride 
Patients with neurodegenerative illness and cognitive impairment frequently exhibit anxiety-like behavior. The EPM test showed a substantial decrease in open-arm entries and duration in TRM-treated rats compared to the control group (p<0.05). This demonstrated that excessive TRM exposure hurts animal behavior and leads to increased anxiety-like behavior. However, pre-treatment and post-treatment with SA effectively protected against TRM-induced anxiety-like behavior, as the percentage of open arm entrance (Figure 3A) and length (Figure 3B) were considerably higher in the TRM-treated group. As a result, EPM results show that SA can regulate the behavior of TRM-exposed animals [Figure 3].


3.3 Impact of Sinapic acid on Antioxidant activity
The Rats administered with tramadol hydrochloride (TRM) exhibited significantly lower SOD, GST, GR, CAT, and TAC activity compared with the control (p < 0.05). Conversely, post-treatment and pretreatment with Sinapic acid (SA) significantly increased the activity of brain SOD, GST, GR, CAT, and TAC (p < 0.05). Administration of SA alone had an insignificant higher value in SOD, GST, GR, CAT, and TAC than the control group and TRM+SA and SA+TRM treatment groups (p<0.05) [Table 1]. 
3.4 Impact of Sinapic acid on oxidative stress markers
The impact of Sinapic acid (SA) and tramadol (TRM) on Malondialdehyde (MDA), 8-hydroxy deoxyguanosine (8OHdG), and total oxidant capacity (TOC) was demonstrated in Table 1. There was observed a significant increase in Brain MDA, 8OHdG, and TOC  levels in rats treated with TRM as compared to the control (p<0.05). However, the group treated with SA (TRM+SA and SA+TRM) was found to be significantly decreased in MDA, 8OHdG, and TAC in the brain compared to the TRM-only administered group. Also, SA only treated group shows a significant decrease in the concentration of MDA, 8OHdG, and TOC  in the brain as compared to the TRM-only treated group (p<0.05). No significant difference in brain MDA, 8OHdG and TOC concentration between the control and SA, TRM+SA, and SA+TRM treatment groups (p>0.05) [Table 2] 
3.5 Impact of Sinapic acid on Neurotransmitters
The impact of tramadol hydrochloride (TRM) and Sinapic Acid (SA) on serotonin (5-HT), dopamine (DA), Gama amino Butyric Acid (GABA), and Brain-derived neurotrophic factor (BDNF) are presented in Table 3. Administration of TRM significantly decreased serotonin, dopamine, GABA, and BDNF in the brain compared to the control group (p<0.05). However, co-treatment with SA (TRM+SA and SA+TRM) led to a significant increase (p < 0.05) in 5-HT, DA, GABA, and BDNF as compared to the TRM-only treated group. Also, treatment with SA alone increases the 5-HT, DA, GABA, and BDNF significantly in comparison with the TRM-treated group (p<0.05). The SA-only treatment group had an insignificant higher value in 5-HT, DA, GABA, and BDNF than TRM+SA and SA+TRM treatment groups p>0.05 [Table 3].
3.6 Impact of Sinapic acid on Inflammatory Markers
The impact of Sinapic acid on Nuclear-related factor 2 (Nrf2), IL-6 (interleukin-6) and IL-1 (interleukin-1) are shown in Table 4.
There was observed a significant decrease in Nrf2, and a significant increase in IL-1 and IL-6 levels in tramadol hydrochloride (TRM) treated animals (p<0.05) compared to the control group. Co-administration of TRM and SA in (TRM+SA and SA+TRM) presented a significant increase in Nrf2 and a significant decline in IL-1 and IL-6 (p<0.05) as compared to TRM alone treated animals. The Nrf2, IL-1, and IL-6 levels in animals treated with SA alone were comparable to the control group (p>0.05) showing insignificant differences. Treatment with SA alone exhibited a significant increase in Nrf2 and a significant decrease in IL-1 and IL-6 compared to TRM treated group (p<0.05) and no significant difference in Nrf-2, IL-1, and IL-6 between SA-treated and TRM+SA and SA+TRM treatment groups (p>0.05) [Table 4]. 






3.7 Impact of Sinapic acid on brain Acetylcholinesterase, Glycogen, Cholesterol, and Total proteins
There was observed a significant decrease was observed in Acetylcholinesterase (AChE),  Glycogen (GL), Cholesterol (CL), and Total protein (TP)  activity in the brain of the tramadol hydrochloride (TRM) treated rats in comparison to the control group (p<0.05). However, the Co-administration of TRM and Sinapic acid (SA) in TRM+SA and SA+TRM displayed a significant increase in AChE, GL, CL, and TP  as compared to the TRM-treated rats (p<0.05). the group treated with SA only shows a significant increase in brain in AChE, GL, CL, and TP compared to TRM only treated group (p<0.05) [Figure 4A-4D].

3.8 Impact of Sinapic acid on frontal cortex histopathological changes 
Histological changes in response to tramadol hydrochloride (TRM) and Sinapic acid (SA) are presented in Figure 2. Compared to the control group.
Control: The frontal cortex is characterized by the neurons associated with particular functions and unique connections that show normal variations in the arrangements of cells in the different parts of the six layers of cerebral hemispheres. The common cells inside these layers are the neurons especially pyramidal and granule cells in addition to neuroglial cells. The neutrophil was a mat of neuronal and glial cell processes [Figure 5A].
TRM: The TRM-treated group displayed disorganized tissue architecture with distorted pyramidal cells containing darkly stained nuclei. Few cells were surrounded by clear halos, and vascular dilatation in the neuropil was noted [Figure 5B].
SA: The cortex appeared to be normal with all the different types of cells having a compact nucleus in the neurophil. Normal vacuolation was observed [Figure 5C].
TRM+SA: The cortex showed improvement in the nerve cells in many areas. Most of the pyramidal and granule cells were more or less as that of control with little vacuolation in the tissue [Figure 5D].
SA+TRM: The cortex exhibited predominantly normal cells with dilated blood vessels. Also, normal cortex structure with pyramidal cells but some binucleated cells were seen [Figure 5E].
3.9 The total number of viable and dead neurons in the prefrontal cortex region 
There was an observed significant increase in the total number of dead cells in tramadol hydrochloride (TRM)-treated rats as compared to the control and Sinapic acid (SA)-treated groups (p<0.05). However, the groups pre-treated and post-treated with SA (TRM+SA and SA+TRM) presented a significant reduction in the total number of dead cells in comparison to the TRM alone treated group (p<0.05). Furthermore, SA therapy successfully stopped the morphological alteration of neuronal cells in the prefrontal cortex of rats exposed to TRM. This is because the SA-treated groups showed a higher number of viable cells and a lower number of dead cells [Figure 6].





4 Discussion
Tramadol hydrochloride (TRM) is a synthetic analgesic drug exhibiting opioid and non-opioid properties, acting mainly on the central nervous system (Hassan et al.,2024). It has been mostly used to treat pain, although its use to treat anxiety and depression has also been documented (Sadat  et al.,2024).  The y-maze test is commonly used to investigate spontaneous alternation percentage, a measure of the spatial working memory of animals (Namgyal et al.,2021; Siyanbade et al.,2024b). We found that the TRM-exposed rat's ability to form a spatial working memory is lower. Therefore, we deduce that excessive exposure to TRM causes impaired memory and learning ability in rats. Moreover, the result of the elevated plus-maze test also revealed that mice exposed to TRM had higher anxiety-like behavior, as they spent more time in closed arms as compared to the control group. Treatment with SA as observed in this study increased spontaneous alternation percentage (spatial working memory) and reduced anxiety-like behavior in rats. The sinapic acid treatment has been reported to improve both cognitive and non-cognitive behavior of animals (Lee et al., 2023). The neuroinflammation was evident from the behavioral impairments induced by TRM as evidenced by the y-maze and elevated plus-maze test. The study shows that tramadol hydrochloride (TRM) administration leads to a significant reduction in the activities of antioxidant enzymes, such as superoxide dismutase (SOD), glutathione S-transferase (GST), glutathione reductase (GR), catalase (CAT), and total antioxidant capacity (TAC) in the frontal cortex of rats. It induces oxidative stress, a condition characterized by an imbalance between the production of reactive oxygen species (ROS) and the capability of the biological system to detoxify these reactive intermediates or to repair the resultant damage. The reduction in SOD, GST, GR, CAT, and TAC shows an affected antioxidative defense mechanism, which could lead to increased oxidative damage to cellular components such as lipids, proteins, and DNA. The protective role of Sinapic acid (SA) could be attributed to its phenolic structure, which is known to scavenge free radicals and upregulate antioxidant defenses. Moreover, the study found that SA administration alone did not significantly alter the antioxidant enzyme levels compared to the control group which indicates that while SA enhances antioxidant enzyme activity in the presence of oxidative stress induced by TRM, it does not excessively upregulate these enzymes under normal conditions. This selective action makes SA a potential option for therapeutic use in oxidative stress-related conditions without disturbing the normal redox homeostasis. 
[bookmark: OLE_LINK1]Tramadol hydrochloride (TRM) administration leads to a significant increase in oxidative stress markers, such as malondialdehyde (MDA), 8-hydroxy deoxyguanosine (8OHdG), and total oxidant capacity (TOC) in the frontal cortex of rats. The MDA is a well-known marker of lipid peroxidation, reflecting oxidative damage to cell membranes (Adelakun et al., 2024d; Akang et al.,2015; Cordiano et al.,2023). Elevated levels of 8OHdG indicate oxidative DNA damage, while increased TOC reflects a higher oxidative burden in the tissue. These increases in oxidative stress markers confirm that TRM induces substantial oxidative damage in the brain. We can deduce that SA effectively mitigates TRM-induced oxidative damage, likely through its antioxidant properties. The SA's ability to lower MDA levels indicates a reduction in lipid peroxidation, while decreased 8OHdG levels suggest protection against DNA oxidative damage. The reduction in TOC further confirms the overall antioxidative effect of SA, reducing the oxidative burden in the brain. The result also shows that SA can restore oxidative balance without causing an overcorrection that could disturb normal physiological processes. This is in alignment with a study by Alam et al. (2018) reported that SA significantly reduced MDA levels and other oxidative stress markers in a model of neurotoxicity induced by rotenone.  Serotonin (5-HT) and dopamine (DA), are key neurotransmitters involved in regulating mood, reward, and cognition (Ogunlade et al.,2020b; Teleanu et al.,2022). A decrease in their levels can lead to mood disorders, cognitive deficits, and other neurological impairments. Gamma-aminobutyric acid (GABA) is the primary inhibitory neurotransmitter in the brain, and its reduction can lead to increased neuronal excitability and associated disorders such as anxiety and epilepsy (Almutairi et al.,2024). Brain-derived neurotrophic factor (BDNF) is crucial for neuronal survival, differentiation, and synaptic plasticity (Miranda et al.,2019). Reduced BDNF levels are associated with various neurodegenerative and psychiatric disorders. A study by Park et al. (2019) demonstrated that SA increased BDNF levels and improved cognitive function in a mouse model of Alzheimer's disease. Kim et al. (2020) also showed that SA enhanced serotonin and dopamine levels, alleviating depressive-like behaviors in a rodent model of chronic stress. The present study's findings show that TRM administration significantly decreased the levels of serotonin (5-HT), dopamine (DA), gamma-aminobutyric acid (GABA), and brain-derived neurotrophic factor (BDNF) which indicates that TRM negatively impacts both neurotransmitter balance and neurotrophic support, which are essential for maintaining normal brain function and neuronal health.  The co-treatment with Sinapic acid (SA) increased the levels in the brain compared to the TRM-only treated group showing us that SA has a neuroprotective effect to reduce the neurochemical imbalances induced by TRM. This emphasizes SA's role in enhancing neurochemical and neurotrophic support independently of TRM-induced stress.
In this present study, TRM administration in rats led to a significant decrease in Nuclear-related factor 2 (Nrf2) and a substantial increase in the pro-inflammatory cytokines’ interleukin-1 (IL-1) and interleukin-6 (IL-6). This indicates that TRM induces an inflammatory response and downregulates the Nrf2 pathway. Nrf2 is a transcription factor that plays a key role in cellular defense against oxidative stress and inflammation by regulating the expression of antioxidant proteins and detoxifying enzymes. A decrease in Nrf2 suggests a compromised antioxidant defense mechanism, making cells more susceptible to oxidative and inflammatory damage. Elevated levels of IL-1 and IL-6, both of which are major pro-inflammatory cytokines, indicate an enhanced inflammatory response, which can contribute to neuroinflammation and subsequent neuronal damage. Alam et al. (2018) and Huang et al.,2023 demonstrated that SA activated the Nrf2 pathway and reduced inflammation in a model of neurotoxicity induced by rotenone and this supports the present findings which show that the treatment with Sinapic acid (SA) in the TRM+SA and SA+TRM groups resulted in a significant increase in Nrf2 levels and a notable decrease in IL-1 and IL-6 levels compared to the TRM-only group.  Another study by Alaofi, 2020 found that SA reduced levels of IL-1 and IL-6, and increased Nrf2 expression in a model of diabetic nephropathy, further validating its anti-inflammatory properties. Treatment with SA alone led to a significant increase in Nrf2 and a significant decrease in IL-1 and IL-6 levels compared to the TRM-treated group. 
A major finding of this also study reveals that tramadol hydrochloride (TRM) administration significantly decreases the activity of acetylcholinesterase (AChE), glycogen (GL), cholesterol (CL), and total protein (TP) in the brain. Acetylcholinesterase (AChE) is an essential enzyme that breaks down the neurotransmitter acetylcholine, thereby regulating cholinergic function. A significant decrease in AChE activity implies impaired cholinergic transmission, which can lead to cognitive deficits and other neurological impairments. Glycogen is the primary storage form of glucose in the brain, and its reduction suggests a disruption in energy metabolism (Colpaert et al.,2024). Cholesterol is crucial for maintaining cell membrane integrity and myelin sheath formation, and its decrease indicates potential damage to neuronal structures (Zhang et al.,2024). Total protein levels reflect the overall protein synthesis and turnover in the brain, and a decrease suggests impaired cellular functions and protein metabolism (Volek et al.,2024). Administration of Sinapic acid (SA) with TRM resulted in a significant increase in AChE, GL, CL, and TP levels. This indicates that SA effectively reduced the negative effects of TRM on these neurotransmitters and biochemical markers. The increase in AChE activity suggests that SA helps restore cholinergic function, potentially improving cognitive and neurological outcomes. The elevation in glycogen and cholesterol levels indicates a restoration of energy metabolism and cell membrane integrity, respectively. The increase in total protein levels suggests an improvement in overall protein synthesis and cellular function. Also, the SA-only treated group showed a significant increase in AChE, GL, CL, and TP levels compared to the TRM-treated group. This demonstrates that SA has protective effects on these biochemical markers, even in the absence of TRM-induced stress. Sinapic acid increased glycogen and cholesterol levels in the brain, suggesting its role in enhancing energy metabolism and neuronal integrity and a study by Zuo et al.,2021 demonstrated that SA improved total protein levels and protein synthesis in a model of oxidative stress-induced neurotoxicity.
A study by Kim et al. (2018) demonstrated that SA treatment reduces histopathological damage in a model of ischemic brain injury, showing reduced neuronal cell death and preserved tissue architecture. Another study by Lee et al. (2020) also found that SA reduced neuroinflammation and neuronal damage in a model of neurotoxicity, supporting its protective effects on brain histology. The frontal cortex of the control group exhibited normal histological features, characterized by well-organized layers of neurons, including pyramidal and granule cells, and neuroglial cells. The neuropil, a dense network of neuronal and glial processes, appeared intact, indicating healthy brain tissue architecture. The TRM-treated group displayed significant histopathological changes, including disorganized tissue architecture and distorted pyramidal cells with darkly stained nuclei, indicative of neuronal damage. The presence of cells surrounded by clear halos suggests cytoplasmic vacuolation, a sign of cellular stress and potential necrosis. Additionally, vascular dilatation in the neuropil indicates an inflammatory response and potential disruption of the blood-brain barrier. These changes show the neurotoxic effects of TRM, leading to significant structural damage in the frontal cortex.  This suggests that SA reduced the neurotoxic effects of TRM, promoting the restoration of normal cell structure and reducing cellular stress and damage. It also shows that SA alone does not induce any adverse histopathological changes and supports its safety and compatibility with normal brain tissue.  Thus, Sinapic acid plays an effective role as a natural therapeutic drug to combat TRM-induced behavioral impairment by regulating oxidative stress and modulating inflammatory markers.
5 Conclusion
Sinapic acid emerges as a promising neuroprotective agent against tramadol hydrochloride-induced neurotoxicity in this study. By enhancing antioxidant defenses, reducing oxidative stress, restoring neurotransmitter balance, and preserving brain tissue integrity, SA effectively reduced the harmful effects of TRM. These findings show its potential therapeutic value in combating neurodegenerative conditions associated with oxidative damage and inflammation.
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Figure 2: Impact of Sinapic acid and tramadol hydrochloride on depicting spatial working memory in rats’ model. Values are expressed as Mean ± S.E.M, n=6 in each group, **: represents a significant difference from control, α: represents a significant difference from TRM, β: represents a significant difference from SA group at p< 0.05, One-Way ANOVA. Keys: TRM: Tramadol hydrochloride; SA: Sinapic Acid










Figure 3: Impact of Sinapic acid and tramadol hydrochloride on anxiety-like behavior (A) % of entry in open arm and (B) % of the time in open arm in rats’ model. Values are expressed as Mean ± S.E.M, n=6 in each group, **: represents a significant difference from control, α: represents a significant difference from TRM, β: represents a significant difference from SA group at p< 0.05, One-Way ANOVA. Keys: TRM: Tramadol hydrochloride; SA: Sinapic Acid



Table 1: Impact of Sinapic acid on Antioxidant activity in tramadol hydrochloride induced morphological and oxidative damage in frontal cortex in rats’ model.
	Parameter
	Treatment group

	
	Control
	TRM
	SA
	TRM+S A
	SA+TRM

	SOD (nmol /g tissue)
	17.09± 6.05
	4.06±2.31**
	19.12±6.40α
	13.36±4.77α
	14.18±5.11α

	GST (µmol/g tissue)
	24.88±2.97
	7.29±1.20**
	26.51±2.94α
	20.69±2.21α
	20.69±2.68α

	GR (µmol /g tissue
	151.00± 23.85
	56.85±11.09**
	158.90±25.04α
	142.10±24.05α
	145.90±25.19α

	CAT (µmol / g tissue)
	37.91±5.30
	9.37±3.10**
	40.38±6.67α
	34.07±5.83α
	33.09±4.86α

	TAC  (µmol /g tissue)
	5.67±1.56
	1.01±0.45**
	6.75±2.17α
	4.69±1.56α
	4.84±1.73α


Values are expressed as Mean ± S.E.M, n=6 in each group, **: represents a significant difference from control, α: represents a significant difference from TRM, β: represents a significant difference from SA group at p< 0.05, One-Way ANOVA. 
Keys: TRM: Tramadol hydrochloride; SA: Sinapic Acid, SOD: Superoxide dismutase; GST: Glutathione S-transferase; GR: Glutathione reductase activity; CAT: Catalase; TAC: Total antioxidant capacity

Table 2: Impact of Sinapic acid on oxidative stress markers in tramadol hydrochloride induced morphological and oxidative damage in frontal cortex in rats’ model.
	Parameter
	Treatment group

	
	CONTROL
	TRM
	S.A
	TRM+S.A
	S.A+TRM

	MDA  (nmol/g tissue)
	10.95± 2.32
	33.84± 5.60**
	9.23± 2.26α
	13.97± 3.12α
	13.64±2.954α

	8 - OHDG (nmol/g tissue)
	2.19± 1.03
	9.211 ± 3.93**
	1.92± 0.83α
	2.73± 1.15α
	2.42±1.06α

	TOC μmol H2O2 Eq/L
	42.46±5.37
	96.97±8.36**
	38.30±7.35α
	52.39±7.32α
	50.36±6.94α


Values are expressed as Mean±S.E.M, n=6 in each group, **: represents a significant difference from control, α: represents a significant difference from TRM, β: represents a significant difference from SA group at p< 0.05, One-Way ANOVA.
 Keys: TRM: Tramadol hydrochloride; SA: Sinapic Acid; MDA: Malondialdehyde; 8OHdG: 8-hydroxy deoxyguanosine; TOC: Total oxidant capacity 

Table 3: Impact of Sinapic acid on Neurotransmitters in tramadol hydrochloride induced morphological and oxidative damage in frontal cortex in rats’ model.
	Parameter
	Treatment group

	
	Control
	TRM
	SA
	TRM+SA
	SA+TRM

	5-HT (µg/Protein)
	34.82 ± 4.98
	10.60 ±2.76**
	34.80 ± 4.72α
	30.25±4.74α
	31.44± 4.73α

	DA  (µg/Protein)
	7.62 ± 1.86
	1.93±0.72**
	8.32±2.00α
	6.38 ± 1.68α
	6.679 ± 1.67α

	GABA (µg/Protein)
	128.60 ± 13.20 
	37.52±6.70**
	130.30±13.31α
	115.30±16.53α 
	118.00± 17.19α

	BDNF (pg/mg)
	20.42± 1.25
	8.06±1.15**
	24.48±1.32α
	16.58±1.16α
	17.48± 1.19α


Values are expressed as Mean ± S.E.M, n=6 in each group, **: represents a significant difference from control, α: represents a significant difference from TRM, β: represents a significant difference from SA group at p< 0.05, One-Way ANOVA. 
Keys: TRM: Tramadol hydrochloride; SA: Sinapic Acid; 5-HT: Serotonin; DA: Dopamine; GABA: Gama amino Butyric Acid; BDNF: Brain-derived neurotrophic factor  

Table 4: Impact of Sinapic acid on Inflammatory Markers in tramadol hydrochloride induced morphological and oxidative damage in frontal cortex in rats’ model.
	Parameter
	Treatment group

	
	A: Control
	B: TRM
	C: SA
	D: TRM+SA
	E: SA+TRM

	IL – 1 (pg/ml)
	3.65± 1.59
	14.05± 3.89**
	3.26± 1.41α
	5.27± 1.74α
	4.85± 1.45α

	IL - 6  (pg/ml)
	0.99± 0.38
	3.87± 0.86**
	0.82± 0.32α
	1.80± 0.37α
	1.14± 0.37α

	Nrf-2 (pg/ml)
	13.36 ± 2.28
	2.68± 0.72**
	15.46 ± 2.03α
	11.34 ± 1.83α
	11.97 ± 1.97α


Values are expressed as Mean ± S.E.M, n=6 in each group, **: represents a significant difference from control, α: represents a significant difference from TRM, β: represents a significant difference from SA group at p< 0.05, One-Way ANOVA. 
Keys: TRM: Tramadol hydrochloride; SA: Sinapic Acid; Nrf-2: Nuclear-related factor 2; IL-6: Interleukin-6; IL-1: Interleukin-1 










Figure 4: Impact of Sinapic acid on (A) Acetylcholinesterase, (B) Glycogen, (C) Cholesterol, and (D) Total proteins in tramadol hydrochloride induced morphological and oxidative damage in the frontal cortex in rats’ model. Values are expressed as Mean ± S.E.M, n=6 in each group, **: represents a significant difference from control, α: represents a significant difference from TRM, β: represents a significant difference from SA group at p< 0.05, One-Way ANOVA. Keys: TRM: Tramadol hydrochloride; SA: Sinapic Acid





[image: ]
Figure 5: Photomicrograph of a section of the frontal cortex of Sprague Dawley rats group A (control) showing normal architecture of the frontal cortex. Group B (TRM) Shows areas of mild fibrosis (MF) and degenerating neurons (DN) characterized by neuropil vacuolation  (NV). Group C (SA) showed normal histo architecture with pyramidal cells, granular cells, and neuroglial cells in the neurophil of the cortex with fewer pyknotic cells. Group D (TRM+SA) the cortex showed a population of normal cells with slight hyperemia (HY) of blood capillary and necrotic cells (NC). Group E (SA+TRM) the cortex appeared to be normal with all the different types of cells having a compact nucleus in the neurophil.





Figure 6: Impact of Sinapic acid on pre-frontal cortex cell count in tramadol hydrochloride induced morphological and oxidative damage in the frontal cortex in rats’ model. Values are expressed as Mean ± S.E.M, n=6 in each group, **: represents a significant difference from control, α: represents a significant difference from TRM, β: represents a significant difference from SA group at p< 0.05, One-Way ANOVA. Keys: TRM: Tramadol hydrochloride; SA: Sinapic Acid
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