


Ginkgo biloba Mitigates Methamphetamine-Induced Oxidative Stress and Liver and Intestinal Toxicity in Wistar Rats

Abstract
Methamphetamine, a potent central nervous system stimulant, is associated with addiction and neurotoxicity. In contrast, Ginkgo biloba, a widely used traditional herbal remedy, is reputed for its hepatoprotective, anti-inflammatory, antioxidant, and cognitive-enhancing properties. This study investigated the protective effects of Ginkgo biloba extract on methamphetamine-induced oxidative stress and hepato-ileal toxicity in male Wistar rats. Sixty rats were randomly assigned to five groups (n=12). Group 1 (normal control) received standard chow; Group 2 received Ginkgo biloba (50 mg/kg); Group 3 received methamphetamine (2.0 mg/kg); Group 4 received Ginkgo biloba (50 mg/kg) + methamphetamine (2.0 mg/kg); and Group 5 received Ginkgo biloba (100 mg/kg) + methamphetamine (2.0 mg/kg). All treatments lasted 28 days, after which animals were euthanized for histological and biochemical analyses. Methamphetamine administration elevated oxidative stress markers and liver enzyme levels, accompanied by cytoarchitectural distortion in intestinal and hepatic tissues. In contrast, Ginkgo biloba co-treatment ameliorated these alterations, restoring tissue integrity, modulating liver enzyme activity, and enhancing endogenous antioxidant defenses. In conclusion, the bioactive compounds in Ginkgo biloba may confer hepatoprotective and ileal-protective effects by regulating oxidative stress and enzyme activities, supporting its therapeutic potential against methamphetamine-induced toxicity.
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Figure 1: Graphical Abstract
The abstract illustrates the methamphetamine-induced toxicity effects on the stomach, liver, and ileum in Wistar rats, and the mitigating effect of Ginkgo biloba on the animal tissues. The schematic depicts the experimental design, methamphetamine (2.0 mg/kg) administration, and Ginkgo biloba (50 mg/kg and 100 mg/kg) supplementation. Arrows indicate methamphetamine-induced oxidative stress, liver and intestinal tissue damage, and elevated liver enzyme levels/activity. On the other hand, Ginkgo biloba has protective effects, leading to reduced levels of oxidative stress markers, tissue recovery in the liver and intestines, and up-regulated antioxidant defenses.
Introduction
Methamphetamine (METH) is a synthetic, powerful central nervous system (CNS) stimulant known for its high addictive potential (1). Within the CNS, it increases monoamine neurotransmitters—dopamine, norepinephrine, and serotonin—in the synaptic cleft, thereby producing euphoria, excitement, and heightened neuromotor activity (2). Its rising popularity among youths and adolescents has raised serious global public health concerns (3–6). Currently, METH is the second most misused substance worldwide after cannabis (7). Evidence indicates that one in seventeen people aged 15–64 years has engaged in illicit drug use (8). METH can be taken through swallowing, injection, smoking, snorting (9), or anal insertion (10), with oral ingestion being most common (11). Ingested METH undergoes metabolism and absorption along the digestive tract, where even small doses exert harmful effects comparable to cocaine or amphetamines (12). These include elevated oxidative stress, glutamate excitotoxicity, and neuroinflammation (13), all of which damage vital organs such as the liver, kidney, intestine, and vasculature. The overproduction of reactive oxygen/nitrogen species (ROS/RNS) further injures intestinal neurons, causing gastrointestinal dysfunction (14). Ginkgo biloba L., also known as the maidenhair tree, is a widely cultivated medicinal plant with both traditional and contemporary uses. Beyond its medicinal role, it has been used locally as a food additive, an ornamental tree, and in cultural rituals. Its extracts are among the most commercially sold herbal preparations globally (15). Rich in bioactive flavonoids and terpenoids, Ginkgo biloba exhibits antioxidant, anti-inflammatory, hepatoprotective, neuroprotective, and cognitive-enhancing properties (16–19). Previous studies have shown its protective effect against gastrointestinal injury (20), progressive neuronal loss, and vascular disorders (21). Notably, plant-derived therapies have been increasingly explored as adjuncts in combating drug-related toxicities, justifying assessing Ginkgo biloba in the context of METH abuse.
Considering that the gastrointestinal tract and liver are the first organs exposed during oral METH consumption, they are particularly vulnerable to oxidative stress and cytotoxic injury. Hepatotoxicity, reflected in altered liver enzyme activity, often precedes secondary damage to gut epithelium and systemic organs. Thus, investigating agents capable of modulating this injury has clinical and preventive relevance. Therefore, this study aimed to evaluate whether Ginkgo biloba supplementation could attenuate methamphetamine-induced oxidative stress, mucosal injury, and hepato-ileal toxicity in male Wistar rats.

Materials and Methods
Chemicals
The chemicals were obtained from Ranox Laboratories (Dagenham, England) and Sigma (Poole, England). Methamphetamine (10 g) was purchased from the office of the National Drug Law Enforcement Agent (NDLEA). The Ginkgo biloba supplement was obtained from Nutrifirst Biotech Inc. (Qingdao, Shandong, China). The chemicals were stored at a temperature below 25°C for the study.
Experimental animals
Sixty (60) male Wistar rats with an initial weight of 180-200 g were obtained from the animal house, Department of Physiology, Faculty of Basic Medical Sciences, PAMO University of Medical Sciences, Port-Harcourt, Rivers State, Nigeria. The animals were acclimated for seven days before the experiment under controlled experimental conditions. 
Ethics, Approval, and Consent to Participate
Ethical approval was given by the PAMO University of Medical Sciences Animal Research Ethics Committee (Approval number: PUMS/REC/2023008). The OECD guideline was strictly adhered to. The experiment was conducted in strict adherence to the National Research Council regulations for the handling of laboratory animals.
Experimental protocol
The 60 male Wistar rats were shared in five (5) groups (n = 12) at random: First group  (the normal control) was given normal rat chow; Second group was given Ginkgo biloba (50 mg/kg) body weight in line with method (22); Third group was given Methamphetamine (2.0 mg/kg body weight in line with method (23); Fourth group was given Ginkgo biloba (50 mg/kg) body weight + Methamphetamine (2.0 mg/kg body weight, low dose); Fifth group was given Ginkgo biloba (100 mg/kg body weight) + Methamphetamine (2.0 mg/kg body weight, high dose). The administration was by orogastric intubation, and all were given unrestricted access to rat food and clean drinking water for 28 days.
Blood sampling and evaluation of liver enzymes 
Venous blood samples were collected through cardiac puncture under thiopentone sodium anesthesia (Rolex Medica, GMBH, Germany), administered at 60 mg/kg body weight. The blood samples were collected into test tubes and allowed to stand for 30 minutes to clot before being centrifuged at 300 x g for 10 minutes. The serum was extracted and stored at 4 ºC for further evaluation of aspartate aminotransferase (AST), alanine aminotransferase (ALT), and alkaline phosphatase (ALP) enzyme levels. ALP level was analyzed according to the optimized standard method recommended by the Deutsche Gesellschaft für Klinische Chemie DGKC, 1972), using P-nitrophenyl phosphate as substrate while evaluating the phenol liberated by the enzyme. Serum was processed because it is the standard medium for assessing liver enzyme activities, as it provides a clear fluid free from cellular components, ensuring accurate biochemical evaluation (24). The quantities of AST, ALT, and ALP were examined in line with the method of (25), using the Aspartate Aminotransferase Activity Assay Kit, Alanine Aminotransferase Activity Assay Kit, and Alkaline Phosphatase Activity Assay Kit, respectively. Enzyme activity was represented in International Units per liter (IU/L). All analyses were evaluated for accuracy by concurrent analyses of AMES control sera for AST, ALT, and ALP.

Methamphetamine-induced oxidative stress
Antioxidant status and oxidative stress assays
The rats were tranquilized with ketamine (70 mg/kg) and sacrificed by cervical dislocation, after which the liver, stomach, and ileum were collected and washed several times with phosphate-buffered saline to remove any blood debris or clots, kept frozen at -20 °C, and then homogenized. After centrifuging the homogenates, the resulting supernatant was put into Eppendorf tubes and used to test for the activity of nitric oxide (NO), catalase (CAT), superoxide dismutase (SOD), GSH, and malondialdehyde (MDA).

Malondialdehyde estimation 
Malondialdehyde (MDA) activity was measured using a modified version of Mateos (26). When MDA, a byproduct of Lipid Peroxidation (LPO), was heated with thiobarbituric acid (TBA) in the presence of an acid, it formed a pink-reddish complex at 532 nm.

Estimation of Catalase 
[bookmark: _Hlk166669594][bookmark: _Hlk176809319]Catalase (CAT) activity was determined based on a modified procedure of (27).
On subjection to heat in the presence of hydrogen peroxide (H₂0₂), dichromate in acetic acid is frequently reduced to chromic acetate, with perchromic acid acting as an unstable intermediate. The amount of chromic acetate that is produced is measured.

Estimation of Superoxide Dismutase 
Superoxide dismutase (SOD) activity was evaluated by measuring the repression of nitro blue tetrazolium (NBT) photoreduction by SOD radicals, using a modified version of the procedure (28).

Estimation of Nitric oxide level (NO)
[bookmark: _Hlk166677322]The nitrate level was estimated using the method and principle of (29). By measuring its stable breakdown products, nitrate (NO3-) and nitrite (NO2-), nitric oxide (NO) is frequently measured indirectly. This is usually done using the Griess reaction.

Estimation of Reduced Glutathione Level (GSH)
The Reduced glutathione level was estimated based on a modified procedure of (30). 
The most commonly used method to estimate GSH levels is the colorimetric assay, also known as Ellman's reagent. Ellman's reagent reacts with free thiol groups in GSH to turn a yellow-colored product, 5-thio-2-nitrobenzoic acid (TNB), and was estimated spectrophotometrically at 412 nm. The amount of GSH present in the sample is directly linked to the intensity of the color.

Histological analysis
Histological preparation was performed using the method (31). The stomach tissue was quickly excised and fixed in 10% buffered formalin to preserve structural integrity. Tissue samples were then sectioned at a thickness of 5 µm and later stained with hematoxylin and eosin (H&E) to highlight cellular and tissue morphology. A light microscope was used to evaluate the stained sections, and photomicrographs were taken for additional examination.

Statistical Analysis
GraphPad Prism software version 9.02 was used for the results. The outcomes were presented as mean ± standard error of the mean (SEM). The Tukey test was used when the F value was significant. A statistical difference was described as a probability level of p<0.05.

Results
[bookmark: _Hlk170984172][bookmark: _Hlk170989422][bookmark: _Hlk170986590]Oxidative stress marker and antioxidant levels in the liver
The outcome of oxidative stress markers, malondialdehyde (MDA), and antioxidant levels in the liver following the administration of methamphetamine (METH) and Ginkgo biloba (GB), low dose (LD) and high dose (HD) to the experimental group is presented in Figure 2 (A-E). 
The METH-only treatment group showed a notable increase (P<0.001) in quantity of MDA  compared with the first group, GB, and METH + GB (LD), as well as METH + GB (HD) treatment groups. However, a notable reduction (p<0.05) in the MDA level in both METH+ GB (LD & HD) occurred as compared to the METH-only treated group (Figure 2A). Similar trends were observed in SOD, CAT, GSH, and NO levels (Figure 2B-E), respectively.
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[bookmark: _Hlk170985061]Figure 3: Oxidative stress marker and antioxidant levels in the liver

[bookmark: _Hlk170981600][bookmark: _Hlk170980811][bookmark: _Hlk170981018][bookmark: _Hlk170981283][bookmark: _Hlk170981434][bookmark: _Hlk170981494][bookmark: _Hlk170981175][bookmark: _Hlk170981718][bookmark: _Hlk170981998]Liver antioxidant levels in Control-[1], Ginkgo biloba-[2], Methamphetamine-[3], METH+GB(LD)-[4], and METH+GB(HD)-[5] treated groups of rats; A = MDA Level, **#p<0.001 vs. [1,2,4&5]; B = SOD Level, *#p<0.001 vs. [1,2]; *p<0.05 vs. [3]; C = CAT Level, **p<0.001 vs. [1&2], *#p<0.05 vs. [3]; D = GSH Level, *#p<0.001 vs. [1&2], *p<0.05 vs. [3]; E = NO Level, *p<0.05 vs. [1], **p<0.001 vs. [1,2,4,&5]  **#p<0.05 vs. [3], *#p<0.05 vs. [3&4]. Values are mean ± SEM, n = 12.

Levels of MDA and antioxidants in the ileum
The result of malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT), glutathione (GSH), and nitric oxide (NO) in the ileum following the administration of methamphetamine (METH) and Ginkgo biloba (GB) to the experimental animal is represented in Figure 4 (A-E). The METH-only treatment group showed a remarkable increase (P<0.05) in the quantity of MDA compared to the first group, GB, and METH+GB (LD) and METH+GB (HD) treatment groups. In contrast to the METH-only experimented animals, the quantity of MDA was notably reduced (p<0.05) in both METH+GB (LD & HD) groups (Figure 3A).
The GB treatment group showed a remarkable rise (P<0.001) in SOD level compared with control, METH-only, and METH+GB (LD) as well as METH+GB (HD) treatment groups. However, there was a notable drop (p<0.05) in the SOD level in METH-only and METH+GB (LD & HD), contrary to GB-treated and control groups, respectively. CAT, GSH, and NO levels showed comparable patterns (Figure 4B-E).
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Figure 4: Levels of MDA and antioxidants in the ileum
Ileum antioxidant levels in Control-[1], Ginkgo biloba-[2], Methamphetamine-[3], METH+GB(LD)-[4], and METH+GB(HD)-[5] treated groups of rats. A = MDA Level, *#p<0.05 vs. [1,2,4&5]; B = SOD Level, **p<0.001 vs. [1,3,4&5], *p<0.05 vs. [1&2] *#p<0.05 vs. [2&3], *P<0.05 vs. [4]; C = CAT Level, **#p<0.001 vs. [1,2,4&5], *p<0.05 vs. [3]; E = NO Level, **p<0.05 vs. [1,2,4&5], ##p<0.05 vs. METH. #p<0.05 vs. [3&4] Values are mean ± SEM, n = 12


Liver Enzyme Activity
The results of liver enzyme activities, namely aspartate aminotransferase (AST), alanine aminotransferase (ALT), and alkaline phosphatase (ALP), following methamphetamine (METH) and Ginkgo biloba (GB) administration to the experimental animal are represented in Figure 5(A-C). 
The METH-only treatment group showed a remarkable rise (P<0.001) in AST level compared to control, GB, and METH+GB (LD) as well as METH+GB (HD) treatment groups. However, there was no significant change in the AST level in METH+GB (LD & HD) as compared to the control and GB-treated group (Figure 3A). A similar trend was observed in ALT and ALP levels, with significant reductions (p<0.05) in treatment groups METH+GB (LD & HD), respectively (Figure 5B-C).
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Figure 5: Liver Enzyme Activity
Liver Enzymes Levels in Control-[1], Ginkgo biloba-[2], Methamphetamine-[3], METH+GB(LD)-[4], and METH+GB(HD)-[5] treated groups of rats. A = AST Level, **#p<0.001 vs. [1, 2, 4&5]; B = ALT Level, *p<0.05 vs. [1, 2, 4&5], #p<0.05 vs. [3], *#p<0.05 vs. [3, 4&5]; C = ALP Level, **#p<0.05 vs. [1, 2.4&5]; *#p<0.05 vs. [1]. Values are mean ± SEM, n = 12

Effect of Methamphetamine and Ginkgo biloba on the liver of experimental animals
[bookmark: _Hlk167810346][bookmark: _Hlk167807179][bookmark: _Hlk171003946]The liver photomicrograph in the first group and experimental animals is represented in Figure 4A-E. The centrilobular area (A1) and portal area (A2) of the liver in control revealed a normal hepatic lobule with the central vein (CV), hepatocytes (green arrow), sinusoids (red arrow), and Kupffer cells (black arrow). The portal area demonstrated the portal vein (PV, red arrow), hepatic artery (HA, green arrow), and bile duct (BD, blue arrow), all in the normal state. (B1&B2) showing the centrilobular area and portal area of the liver in the Ginkgo biloba-only treated group 
[bookmark: _Hlk167810027]In the methamphetamine-treated group, the centrilobular area (C1) showed spotty fibrosis (red arrow), congested central veins, and sinusoids (black arrowhead).The edematous portal area (C2, red arrowhead) with lymphocytic infiltration (blue arrow).  The Methamphetamine + Ginkgo biloba (50 mg/kg) treated group (D1) showed mild focal disruption of the central vein (red arrow); the portal area (D2) showed normal plates of hepatocytes and portal triad. The Methamphetamine + Ginkgo biloba (100 mg/kg) treated group (E1&E2) showed normal centrilobular and portal areas, with noticeable hepatocyte recovery (black arrow) in the group.
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Figure 6: Photomicrograph of the liver showing the graphical representation of Methamphetamine-induced hepatotoxicity and the attenuating effect of Ginkgo biloba
[bookmark: _Hlk171005456]Photomicrograph of the liver in the control and experimental groups (Figure 6A-E). (A = control); A1 = centrilobular area, green arrow = normal hepatic lobule with central vein (CV), hepatocytes; red arrow = normal sinusoids; black arrow = Kupffer cells. A2 = portal area; red arrow = portal vein, green arrow = hepatic artery (HA); blue arrow = bile duct (BD), all intact. B = Ginkgo biloba group; B1 = centrilobular area, B2 = portal area.C = METH; C1 = centrilobular area, red arrow = spotty fibrosis, black arrow = congested central veins, and sinusoids; C2 = portal area, red arrow = edematous, blue arrow = lymphocytic infiltration. D = METH+GB, LD; D1 = centrilobular area, red arrow = mild focal disruption of the central vein, D2 = normal plates of hepatocytes and portal triad. E = METH+ GB, HD E1&E2 = normal centrilobular and portal areas, black arrow = hepatocytes recovery.

Impact of Ginkgo biloba and methamphetamine on ileal section photomicrographs in the experimental and control groups of rats
[bookmark: _Hlk171078631]Photomicrograph of ileum sections in control and experimental groups (Figure 6A-E). The surface epithelium (A1, x100) and mucosa (A2, x400) of the ileum in control showed normal cytoarchitecture, with prominent Payer’s patches (black arrow), tall villi (red arrow), and intestinal glands (green arrow) in the lamina propria. In the group that received only Ginkgo biloba treatment, a section of the ileum's surface epithelium and mucosa (B1, x100) displayed normal cytoarchitecture with noticeable Payer's patches (black arrow). Tall villi (red arrow), atypical villous epithelium (green arrow; E2, x400), and mild villous epithelium dysplasia (blue arrow) were observed in the METH+GB (HD)-treated group (E1, x100).
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Figure 7: An ileal photomicrograph illustrating the attenuating effect of Ginkgo biloba and the tissue damage caused by methamphetamine.
[bookmark: _Hlk171082237][bookmark: _Hlk171083494][bookmark: _Hlk171083750][bookmark: _Hlk171084208]Photomicrograph showing sections of the ileum in control and experimental groups A1&A2 – D1&D2 (Figure 7). A = control; A1&A2 = sections of ileum viewed at X100 and X400, black arrow = normal Payer’s patches; red arrow = normal tall villi; green arrow = intestinal glands in lamina propria. B = Ginkgo biloba group: B1&B2 = sections of ileum viewed at X100 and X400, black arrow = prominent Payer’s patches, blue arrow =villi with normal simple columnar epithelium. C = METH; C1&C2 = sections of ileum viewed at X100 and X400, red arrow =atypical short villi, black arrow =goblet cell hypertrophy; blue arrow =dysplastic columnar cells making up the enterocytes’ (villous) epithelium. D = METH+GB, LD; D1&D2 = sections of ileum viewed at X100 and X400, red arrow = tall villi, blue arrow = typical villous epithelium (blue arrow; green arrow = atypical dysplastic columnar epithelium. E = METH+ GB, HD E1&E2 = sections of ileum viewed at X100 and X400, red arrow = tall villi; green arrow = atypical villous epithelium; blue arrow = mild dysplasia of the villous epithelium.



Discussion
The findings of this study indicate that methamphetamine (METH) administration in Wistar rats produced adverse effects on the liver, stomach, and ileum. Oxidative stress markers were markedly elevated in METH-treated animals, liver enzyme levels (ALT, AST, and ALP) were significantly increased, and histological analysis revealed pronounced alterations in the centrilobular and portal regions of the liver. Similarly, microscopic examination of ileum sections showed dysplastic columnar epithelium with Goblet cell hypertrophy. Conversely, treatment with Ginkgo biloba extract (EGb761) appeared to exert protective effects, as reflected in improved oxidative stress markers and tissue architecture in both the liver and ileum. Notably, epithelial recovery was evident in the ileum and liver tissues, and liver enzyme levels were reduced toward near-normal values.
METH exposure induced significant oxidative damage in the liver, evidenced by elevated malondialdehyde (MDA) levels alongside marked reductions in the antioxidant defense markers—superoxide dismutase (SOD), catalase (CAT), glutathione (GSH), and nitric oxide (NO). These findings are in agreement with earlier reports (32). Conversely, supplementation with Ginkgo biloba countered these effects in a concentration-dependent way by reducing MDA levels and boosting antioxidant enzyme activities, aligning with previous studies (33). At the ileum, METH administration resulted in increased MDA levels and diminished antioxidant markers, further confirming its detrimental impact on gut physiology. Ginkgo biloba treatment countered these effects, restoring GSH, SOD, CAT, and NO levels, thereby enhancing tissue antioxidant capacity and reducing inflammation. These observations align with previous findings (34–37). The biochemical assays of liver enzyme activities revealed elevated ALT, AST, and ALP in METH-exposed animals, suggesting hepatocellular injury and possible bile duct impairment. However, Ginkgo biloba supplementation reduced these enzyme levels in a dose-dependent manner, indicating hepatoprotective potential. The histological analysis corroborated these biochemical findings. METH exposure caused marked distortion of the liver’s centrilobular and portal regions, while the ileum exhibited dysplastic columnar epithelium and Goblet cell hypertrophy. In contrast, co-administration of METH with both low and high doses of Ginkgo biloba extract resulted in appreciable recovery in the ileum, characterized by improved villous architecture and restoration of epithelial cytoarchitecture. 
Conclusion
The findings of this study demonstrate that methamphetamine (METH) administration in Wistar rats induced oxidative damage and tissue injury in both the liver and ileum. This was evidenced by elevated oxidative stress markers, increased liver enzyme levels, and histopathological alterations, including centrilobular and portal area distortion in the liver, as well as dysplastic columnar epithelium with Goblet cell hypertrophy in the ileum. Supplementation with Ginkgo biloba extract (EGb761) exerted protective effects by reducing oxidative stress, restoring antioxidant enzyme activities (SOD, CAT, GSH, and NO), and improving the structural integrity of liver and ileum tissues. The observed dose-dependent ameliorative effects of Ginkgo biloba suggest its potential role in attenuating METH-induced tissue inflammation and oxidative injury.
A limitation of this study was the inability to delineate the specific molecular pathways through which Ginkgo biloba modulates inflammatory responses and enhances antioxidant defenses. Further investigations are warranted to elucidate these mechanisms and better characterize their protective properties.
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