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Background
Spinal cord injury (SCI) is a debilitating disorder that affects people’s quality of life. Unfortunately, there is no definitive drug for treating SCI. Additionally, the adverse effects of existing non-approved drugs make it necessary to research and investigate the effects of new multi-target agents to combat SCI complications.
Purpose
This study specifically investigates the effect of a multi-target phytochemical silymarin (SIL), known for its potent neuroprotective, anti-inflammatory, and antioxidant properties, on sensorimotor function after SCI.
Materials and Methods
In total, 30 male Wistar rats were divided into five distinct groups: Sham, SCI, and three additional groups that received SIL at dosage levels of 0.1, 0.2, and 0.4 μmol. Following the injury, behavioral tests such as acetone drop, hot plate, von Frey, BBB, and inclined plane were conducted along with weight measurements for 4 weeks. Serum samples were analyzed to assess alterations in catalase and glutathione levels, nitrite concentration, and the activity of matrix metalloproteinases (MMP) 2 and 9. Besides, histopathological studies were done to evaluate the number of neurons in the spinal cord tissue.
Results and discussion
Various doses of SIL, particularly the 0.2 μmol dosage, significantly influenced the alleviation of pain, enhancement of motor function, and weight gain in animals following SCI. In addition, SIL increased the levels of catalase and glutathione, while decreasing serum nitrite levels. It also increased anti-inflammatory MMP2 levels and the sensory/motor neurons’ survival, while decreasing inflammatory MMP9.
Conclusion
Generally, intrathecal injection of SIL after SCI provides neuroprotective, anti-inflammatory, and antioxidant effects leading to pain reduction and improved motor function in rats.

Keywords: spinal cord injury, silymarin, neuropathic pain, motor function, oxidative stress, neuroprotection, inflammation
1 INTRODUCTION
Spinal cord injury (SCI) is a debilitating condition that disrupts communication between the brain and body, affecting sensation, movement, and autonomic functions. It can result from both traumatic incidents, such as car accidents and falls, and non-traumatic causes like infections, tumors, or blood clots (Alizadeh et al., 2019). The primary mechanism of SCI occurs at the time of initial trauma and involves mechanical disruption of the spinal cord tissue. Secondary mechanisms of SCI refer to ongoing cellular and molecular processes that occur after the primary injury. These secondary mechanisms can lead to further damage and worsening of the primary injury, potentially leading to long-term neurological deficits. Inflammation, edema, excitotoxicity, ischemia, axonal injury, apoptosis, and oxidative stress are some of the secondary mechanisms involved in SCI (Freire et al., 2023). One of the primary contributors to neuronal damage post-SCI is oxidative stress, characterized by the excessive production of reactive oxygen species (ROS) such as superoxide and hydrogen peroxide. These ROS can inflict cellular damage by oxidizing proteins, lipids, and DNA, ultimately leading to cell death through apoptosis or necrosis (Fakhri et al., 2022b). Increased expression of inducible nitric oxide synthase (iNOS) has been observed in injured spinal cord tissues, correlating with elevated levels of nitric oxide (NO) and subsequent formation of peroxynitrite, a potent oxidant that further damages cellular structures (Kwak et al., 2005). In addition to oxidative stress, the inflammatory response plays a critical role in SCI pathology. Following injury, there is an activation of resident immune cells such as microglia and astrocytes, alongside infiltration of peripheral immune cells like neutrophils and macrophages. The activation of the immune system triggers the release of pro-inflammatory cytokines (e.g., TNF-α, IL-1β) and chemokines that can exacerbate tissue damage through sustained inflammation and recruitment of additional immune cells to the injury site (Gensel and Zhang, 2015; Liu et al., 2021). Matrix metalloproteinases (MMPs), particularly MMP2 and MMP9, are critical mediators of inflammation following SCI (Zhang et al., 2011). As previously described, while MMP9 plays an inflammatory role, MMP2 possesses anti-inflammatory potential in the context of SCI (Bagheri Bavandpouri et al., 2024).
Considering the complexity of the SCI pathophysiology, unfortunately, there is no effective cure for SCI. On the other hand, the adverse effects of non-approved drugs used for SCI make it crucial to explore new multi-target medications addressing the complex nature of SCI and providing potential therapeutic benefits. Natural phenolic compounds are hopeful sources of multi-targeting agents with a successful history of neuroprotection. Silymarin (SIL), derived from the seeds of milk thistle (Silybum marianum (L.) Gaertn. [Asteraceae]), is a rich source of flavonolignans like silybin, silychristin, and silydianin. These compounds exhibit notable antioxidant and anti-inflammatory characteristics (AbouZid et al., 2016). SIL has been used for centuries as an herbal remedy for various liver-related conditions (Singla et al., 2024). It is believed to protect liver cells from damage, promote the regeneration of liver tissue, and improve liver function (Gillessen and Schmidt, 2020). SIL has also been noted for its potential protective effects, such as cancer prevention (Koltai and Fliegel, 2022), type 2 diabetes mellitus management (Hadi et al., 2018), and improvement of nervous system disorders (Guo et al., 2019). Some possible neuroprotective mechanisms of SIL have been reported through scavenging free radicals and enhancing the activity of antioxidant enzymes (Surai, 2015). It has been reported that SIL inhibits the expression and production of pro-inflammatory cytokines such as tumor necrosis factor (TNF-α) and interleukin-1beta (IL-1β), which are involved in the pathogenesis of neurodegeneration (Ullah and Khan, 2018). In addition, reports indicated that SIL activated the protein kinase B (Akt)/mammalian target of rapamycin (mTOR) signaling pathway, as well as suppressed the inflammatory nuclear factor-kappa B (NF-κB) while simultaneously enhancing the expression of the anti-apoptotic Bcl-2 (Wang et al., 2012). In a previous report, SIL showed anti-inflammatory effects in a different SCI model, contusion or weight drop method, with a limited behavioral test. They were more focused on in vitro results to confirm the protective role of SIL on spinal cord cortical cells against oxidative stress and lipopolysaccharide stimulation (Tsai et al., 2010).
According to the aforementioned antioxidant and anti-inflammatory roles of SIL in neurodegeneration and other diseases, as well as its multi-targeting potentials, the current study is the first to examine the impact of intrathecal (i.t.) administration of SIL in the regulation of sensory and motor dysfunction after SCI, employing multiple behavioral tests with evidence on its neuroprotection, antioxidant, and anti-inflammatory effects.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
Silymarin and Coomassie blue were purchased from Sigma-Aldrich (St. Louis, MO, United States), and cefazolin from Exir Company (Boroujerd, Iran). Tris Base and SDS were prepared from Merck Company (Darmstadt, Germany). Triton™ X-100 was purchased from Acros Organics (Geel, Belgium), and CaCl2 was purchased from Merck Company (Darmstadt, Germany). All the other chemicals and reagents were of analytical reagent grade, purchased from commercial sources.
2.2 Experimental animals
A total of 30 adult male Wistar rats weighing between 230 and 250 g were housed in the animal house of the Kermanshah University of Medical Sciences. Rats were randomly assigned to five groups using a lottery. Rats were housed in cages with randomized cage placement across shelves to avoid any rack effects (e.g., light, temperature gradients). Animals were housed in polypropylene cages with wood shavings bedding under a 12 h light/dark cycle (lights on 7:00 a.m. to 7:00 p.m.), maintained at 22 °C ± 2 °C and 50% ± 10% humidity, and provided ad libitum access to standard chow and water.
2.3 Spinal cord injury and animal groups
The rats were administered ketamine and xylazine (80/10 mg/kg) to induce deep anesthesia. A laminectomy procedure was then performed at the thoracic (T8-T9) level using a micro rongeur. After that, an aneurysm clamp with a force of 90 g was used for 1 min to apply severe SCI in the SCI and SIL groups (n = 6) (Huang et al., 2007; Zhang et al., 2019; Jiang et al., 2023; Amirian et al., 2025). After surgery, the tissue and skin were sutured. In addition, cefazolin (40 mg/kg, intraperitoneal) and normal saline (2 mL, subcutaneous) injections and bladder massage were carried out manually twice daily until normal bladder function was regained (Fakhri et al., 2018; 2019). The rats were assigned to five groups at random: a Sham group, an SCI group, and three groups that received varying doses of SIL (0.1, 0.2, and 0.4 μmol). About 30 min after surgery/compression injury, the sham and SCI group received vehicle, and three treatment groups received 10 μL of SIL at doses of 0.1, 0.2, and 0.4 μmol dissolved in the same vehicle.
Regarding preparing vehicle or SIL for i.t. injection, first, SIL was dissolved in 70% ethanol to prepare the stock solution (Tsai et al., 2010; Javed et al., 2011; Csupor et al., 2016). Then, this solution was diluted with distilled water at a ratio of 1–9 (1/9: solution/distilled water: v/v) to achieve the desired concentration for injection. Finally, a 10 μL volume of this diluted solution was selected and used for i.t. injection. Exclusion criteria were dying animals during surgery/protocol or a rare failure in the i.t. injection.
2.4 Intrathecal drug injection
Mester’s modified method was used for i.t. injection of 10 μL of vehicle or SIL. Briefly, a 25-gauge needle connected to Hamilton was inserted at a 45° angle into the space between the two lumbar parts of L5 and L4. After observing a sudden tail reflex, the injection was done slowly for 10 s (Mestre et al., 1994).
2.5 Weight change
The rats’ weights were measured weekly starting from the beginning of the study. To calculate the changes in weight for each group, the following formula was used:
Weight changes = (weight on days post-surgery-weight on day 0).
2.6 Behavioral tests
Behavioral tests (i.e., BBB scale, inclined plane test, thermal and mechanical allodynia assessments) were selected to evaluate both motor and sensory functional recovery following SCI comprehensively. The BBB scale and inclined plane test assess locomotor ability and balance, which are directly impaired after spinal cord trauma and are central outcomes for neuroprotection studies. Thermal hyperalgesia and cold/mechanical allodynia tests were utilized to quantify alterations in sensory function and neuropathic pain symptoms, which are critical secondary complications of SCI. Behavioral assessments were performed on all animals both before surgery (day 0) and weekly post-surgery for 28 days.
2.6.1 Basso, beattie, and bresnahan (BBB) test
The BBB scale is a locomotor rating scale. The animals’ movements were observed in a 100 × 100 × 10 cm box for 5 min. The BBB scale scores ranged from 0 (no observable hindlimb movement) to 21 (normal locomotion). The final score was determined by averaging the scores for both hindlimbs (Fakhri et al., 2021).
2.6.2 Inclined plane test
The ability of rats’ legs to bear body weight and stand on a ramp was assessed using a wooden plane measuring 60 × 40 cm. The wood plane is inclined at angles ranging from 0° (horizontal) to 60°. The maximum angle at which rats were able to sustain their position for 5 s was recorded (Samini et al., 2013).
2.6.3 Hot plate test
Heat hyperalgesia was assessed by applying thermal stimulation to the hind paw of the animal. Rats were placed in a transparent chamber on a hot plate with temperatures between 48 °C and 52 °C. Pain-related behaviors, such as paw biting or licking, were noted as paw withdrawal latency (PWL). A cut-off time of 60 s was implemented to stop the thermal stimulation (Fakhri et al., 2022c).
2.6.4 Von frey test
To assess mechanical allodynia, the von Frey test was employed using incremental forces measured in 10, 15, 26, 60, and 100 g (Stoelting, IL, United States). Each filament was applied to the sole five times, with a 5-s interval between each application. The presence of behaviors such as hindpaw withdrawal, flinching, licking, or biting was considered a positive response indicating allodynia. To determine the allodynia threshold, a positive response in at least three out of the five repeated stimuli was used as the criterion (Fakhri et al., 2019).
2.6.5 Acetone drop test
The effects of acetone-induced cold stimulation on the paw of rats were assessed by applying 0.1 mL of acetone from a distance of 2 cm. The rats’ response was evaluated based on their hind claw reaction, and the results were classified and given scores according to the following categories: no paw withdrawal (0), startle response without paw withdrawal (1), slight paw withdrawal (2), prolonged paw withdrawal (3), licking and flinching (4) (Kauppila, 2000; Fakhri et al., 2018).
2.7 Histological analysis
Neuron counting in dorsal and ventral horns provides direct evidence of neuronal preservation or loss post-injury and treatment, reflecting neuroprotective effects of SIL at the cellular level.
On day 28, animals were perfused with normal saline and then 4% paraformaldehyde. A piece of spinal cord was then dissected at the center of the lesion site (8th vertebra), fixed in paraffin, and 7-μm sections were prepared according to established protocols. Slides from each section were stained using hematoxylin and eosin (H&E). Images were captured at a magnification of 40x, and the neuron count in both the dorsal and ventral horns was assessed utilizing ImageJ software (NIH). The neuron count was expressed as a percentage relative to the control group (Fakhri et al., 2019).
2.8 Zymography
Given the known roles of MMPs in SCI-related inflammation and repair, assessing MMP2 and MMP9 levels allowed us to investigate SIL’s modulatory effects on inflammatory and anti-inflammatory pathways, correlating with functional recovery.
On the 28th day, MMP2 and MMP9 gelatin zymography was conducted using 7.5% SDS-PAGE gels copolymerized with 0.1% gelatin. Each sample, obtained from rat aorta on the 28th day, was loaded with a total serum protein of 100 μg, determined using the Bradford assay. Electrophoresis was carried out using the Biorad Mini Protean III mini-gel slab device at a constant voltage of 150 V. After washing the gels in a buffer containing Triton X-100 and Tris-HCl (pH 7.5), incubation was performed in a buffer consisting of 10 mM CaCl2, 0.15 M NaCl and 0.02% NaN3 in 50 mM Tris-HCl (pH 7.5) for 18 h at 37 °C. Following the incubation, the gels were stained with Coomassie Blue and then destained using a solution composed of 5% acetic acid and 7% methanol. Enzymatic activity appeared as clear bands on the blue background. Specific band intensities were relatively calculated using ImageJ software (Fakhri et al., 2021).
2.9 Biochemical assays: nitrite, catalase, and glutathione
These markers were chosen to evaluate oxidative stress and nitrosative damage, key secondary injury mechanisms in SCI. Catalase and glutathione represent antioxidant defense, while nitrite levels serve as an indicator of NO-mediated oxidative injury. These assays align with SIL’s proposed antioxidant role and help elucidate its mechanism of action.
2.9.1 Catalase activity assay
The Aebi method was used to assess the catalase activity (Aebi, 1984). Briefly, 20 μL of rat serum was added to each well plate, followed by 100 μL of a 65 mM hydrogen peroxide solution, and incubated at 25 °C for 4 min. The reaction was stopped by adding 100 μL of ammonium molybdate, and the mixture was then measured at 405 nm using an ELISA reader.
2.9.2 Glutathione activity assay
The glutathione level was measured using Ellman’s method in this study (Eyer and Podhradský, 1986). To perform the measurement, 20 μL of rat serum, obtained from rat aorta on the 28th day, was added to the wells of a 96-well plate. Subsequently, 50 μL of phosphate buffer with a pH of 7 was added to each well. Then, 40 μL of dithiobisnitrobenzoic acid (DTNB) was added to the mixture. The plate was incubated for 10 min at 37 °C. Finally, the absorbance of the solution was read at a wavelength of 412 nm using an ELISA reader (Eyer and Podhradský, 1986). To calculate the absorption difference between the treatment groups and the sham group, the following formula was used:
Percentage difference = ((Csham–Csample)/Csham) x 100.
The Csham is the amount of catalase or glutathione in the samples of the Sham group, and the Csample is the amount of catalase or glutathione in the samples of other groups, including SCI or SIL-treated groups (Fakhri et al., 2022c).
2.9.3 Nitrite assay
According to the Griess reaction assay (Sun et al., 2003), to prepare the serum samples for analysis, protein removal was carried out by adding zinc sulfate. After that, the samples, obtained from the rat aorta on the 28th day, were centrifuged. The supernatant was mixed with vanadium chloride solution in a one-to-one ratio. Following, a Griess solution containing sulfanilamide (2%) and 0.1% diamide dihydrochloride was added to the samples. The samples were then incubated for 30 min at a temperature of 37 °C. After the incubation period, the resulting color was measured at a wavelength of 540 nm using a spectrophotometer. The absorbance of the samples was calculated by comparing it to the absorbance of a standard reference, and the concentration of nitrite in the samples was determined (Sun et al., 2003).
Figure 1 presents an overview of the research protocols (Figure 1).
[image: Illustration of a study on the effects of Silymarin administered intrathecally in mice. It shows dosages (0.1, 0.2, 0.4 μmol) and a timeline for testing neuropathic pain, motor function, and weight changes over 28 days. Tests include Von Frey, hot plate, and acetone drop. Neuronal survival, oxidative stress reduction, and inflammation are investigated for their effects on neuropathic pain and motor function. Endpoints include histological and serum analyses, involving oxidative stress markers (Nitrite, GSH, CAT) and MMPs. The aim is to suppress neuropathic pain and improve motor function.]FIGURE 1 | A summary of the research protocols and the regulatory role of SIL against neuropathic pain and motor dysfunction through tissue-protective, anti-inflammatory, and antioxidant effects.2.10 Statistical analysis
Data are presented as mean ± standard error of the mean (SEM). Statistical analyses were performed using GraphPad Prism v8. For comparison of multiple groups over time (e.g., behavioral tests, weight changes), two-way ANOVA was applied, followed by Bonferroni’s post hoc test to evaluate group and time effects. For single-time-point biochemical and histological measurements, one-way ANOVA was used with Tukey’s multiple comparisons post hoc test. The significance threshold was set at p < 0.05.
3 RESULTS
3.1 Weight changes
During the 4-week follow-up period, the sham group exhibited a normal pattern of weight gain. However, the animals in the SCI group experienced weight loss because of SCI. Interestingly, treatment with various doses of SIL, particularly the dose of 0.2 μmol, improved the weight gain of the animal after injury (p < 0.05 in comparison to SCI). As a result, by the 28th day, the animals in this group were able to achieve a weight range similar to that of the sham group (Figure 2).
[image: Line graph showing body weight changes in grams over days after surgery (D7, D14, D21, D28) for different groups: Sham, SCI, and SIL treatments at 0.1, 0.2, and 0.4 micromol concentrations. The Sham group shows the highest weight increase, while SCI and SIL groups have lower increases. Error bars indicate standard deviation. Legend differentiates groups with shapes and line styles.]FIGURE 2 | Effects of SIL on body weight changes following compression SCI. Data are expressed as mean ± SEM (n = 6). +++p < 0.001 vs. sham group and *p < 0.05 vs. SCI group. A two-way ANOVA was used. SCI: spinal cord injury; SIL: silymarin (0.1, 0.2, and 0.4 μmol, 10 μL, 30 min post-SCI).3.2 Behavioral results
3.2.1 Locomotor activity
The motor behavior of the rats was assessed using the BBB scale and inclined plane test after SCI. Generally, rats in the sham group consistently scored 21, demonstrating that the laminectomy procedure did not cause any functional deficits. In contrast, rats with SCI initially had average scores of 0 and 2 on the first day post-injury, and these scores remained significantly lower than those of the sham group until day 28 post-SCI (p < 0.001). Administering various doses of SIL led to a marked improvement in motor function in SCI rats, beginning as early as the first day, compared to the SCI group (p < 0.001) (Figure 3A).
[image: Two line graphs depict recovery trends over 28 days post-surgery. Graph A shows BBB scores (0 to 21 scale) improving in different treatment groups: Sham, SCI, and SIL at doses 0.1, 0.2, and 0.4 µmol. Graph B illustrates the angle of inclined plane, with similar groupings. Sham group remains constant, while others gradually improve. Significant differences are marked with asterisks and plus signs.]FIGURE 3 | Effects of SIL on locomotor activity following compression SCI. BBB score (A), inclined-plane (B) test. Data are expressed as mean ± SEM (n = 6). +++p < 0.001 vs. sham group and *p < 0.05, **p < 0.01, ***p < 0.001 vs. SCI group. A two-way ANOVA was used. SCI: spinal cord injury; SIL: silymarin (0.1, 0.2, and 0.4 μmol, 10 μL, and 30 min post-SCI).The ability to stand and maintain balance on the ramp was the same in the sham group and was approximately at an angle of 60°. However, in the group with SCI, there was a notable decline in the average angle of stay that was statistically significant compared to the sham group, ranging from 20° to 30° (p < 0.001). Instead, rats treated with different doses of SIL showed significant improvement from the first week (35° – 45°) (p < 0.001) (Figure 3B).
3.2.2 Heat hyperalgesia
In the sham group, paw-licking latency was almost the same on all test days. SCI was associated with a significant decrease in paw lick latency from day 7 (p < 0.001). Treatment with SIL, especially the dose of 0.2 μmol, significantly increased the response threshold of animals to thermal stimuli from day 7 (p < 0.01) (Figure 4A).
[image: Graphs A, B, and C illustrate the effects of different treatments on sensory responses after surgery. Graph A shows paw licking latency over 28 days, graph B presents acetone test scores, and graph C displays paw withdrawal thresholds. Each graph compares sham, SCI, and SIL at various dosages, highlighting significant differences marked with asterisks and crosses.]FIGURE 4 | Effects of SIL on pain-related behaviors following compression SCI. Paw response threshold to thermal (A), cold (B), and mechanical (C) stimuli. Data are expressed as mean ± SEM (n = 6). ++p < 0.01, +++ p < 0.001 vs. sham group and *p < 0.05, **p < 0.01, ***p < 0.001 vs. SCI group. A two-way ANOVA was used. SCI: spinal cord injury; SIL: silymarin (0.1, 0.2, and 0.4 μmol, 10 μL, and 30 min post-SCI).3.2.3 Cold allodynia
Two-way ANOVA analysis of cold pain response data revealed that the sham group maintained normal cold hypersensitivity throughout the 28 days. In contrast, the SCI group exhibited significant hypersensitivity to cold allodynia compared to the sham group (p < 0.001). Additionally, various doses of SIL administered from the first week demonstrated a significant difference in response to the cold stimulation compared to the injury group (p < 0.001) (Figure 4B).
3.2.4 Mechanical allodynia
Although the sham group exhibited a similar paw withdrawal response throughout the 4-week follow-up period, SCI resulted in a significant and persistent decrease in the paw withdrawal threshold (p < 0.001), indicating the presence of mechanical allodynia. Notably, treatment with SIL, especially the dose of 0.2 μmol, effectively attenuated the symptoms induced by SCI from day 7 (p < 0.001) (Figure 4C).
3.3 Histological analysis
Figure 5A displays sections stained with H&E. Neurons were identified based on well-established morphological criteria under light microscopy, including relatively large cell size, polygonal or multipolar shape, a prominent euchromatic nucleus with a visible nucleolus, and abundant eosinophilic cytoplasm (Rosado et al., 2017; Xiao et al., 2017). Histopathological analysis showed a significant decrease in neuron numbers in the ventral (Figure 5B) and dorsal (Figure 5C) horns of the spinal cord in the SCI group compared to the sham group (p < 0.001). SIL treatment, especially at 0.2 μmol, significantly increased neuron counts in both horns (p < 0.001).
[image: Composite image showing histological sections and bar graphs. Subfigure A: Cross-section of spinal cord, highlighting dorsal and ventral horn regions across five conditions: Sham, SCI, and SIL at 0.1, 0.2, and 0.4 micromoles. Subfigures B and C: Bar graphs depicting number of neurons in ventral and dorsal horn as a percentage of control, comparing the same five conditions with statistical significance indicated by symbols.]FIGURE 5 | Effects of SIL on the number of neurons of the spinal cord following compression SCI (A), ventral (B), and dorsal (C) horns. Data are expressed as mean ± SEM (n = 4). +++p < 0.001 vs. sham group and **p < 0.01, ***p < 0.001 vs. SCI group and &p < 0.05 vs. SIL 0.2 μmol group. A one-way ANOVA was used. SCI: spinal cord injury; SIL: silymarin (0.1, 0.2, and 0.4 μmol, 10 μL, and 30 min post-SCI). The yellow line in the figure shows 100 μm.3.4 Zymography results
In addition, in this study, the levels of MMP2, as an anti-inflammatory enzyme, and MMP9, as an inflammatory enzyme, were evaluated. Following SCI, a significant decrease in MMP2 levels was observed (p < 0.001). However, treatment with SIL, specifically at a dose of 0.2 μmol, significantly increased MMP2 levels (p < 0.001) (Figure 6A) and suppressed MMP9 (p < 0.05) (Figure 6B).
[image: Gel zymography and bar graphs display enzyme activity. Panel A shows MMP2 activity under different SIL concentrations following sham and spinal cord injury (SCI). Panel B shows MMP9 activity for the same conditions. Bar graphs indicate relative zymogram units for MMP2 and MMP9, with markers for statistical significance.]FIGURE 6 | Effects of SIL on MMP2 (72 kDa) (A) and MMP9 (92 kDa) (B) levels following compression SCI. Data are expressed as mean ± SEM (n = 3). ++p < 0.01, +++p < 0.001 vs. sham group and *p < 0.05, **p < 0.01, ***p < 0.001 vs. SCI group. A one-way ANOVA was used. SCI: spinal cord injury; SIL: silymarin (0.1, 0.2, and 0.4 μmol, 10 μL, and 30 min post-SCI).3.5 Biochemical results: catalase, glutathione, and nitrite
3.5.1 Catalase and glutathione levels
The results showed that the changes in serum levels of glutathione (Figure 7A) and catalase (Figure 7B) in the SCI group were significant compared to the sham group (p < 0.001). Treatment with SIL significantly compensated for this decrease (p < 0.001).
[image: Bar graphs labeled A and B depict percentage changes in GSH and CAT, respectively, across different conditions: Sham, SCI, SIL 0.1 µmol, SIL 0.2 µmol, and SIL 0.4 µmol. GSH levels increase with SIL concentrations. Statistical significance is indicated with symbols: plus for Sham vs. SCI, asterisks for SIL treatments vs. SCI, and ampersands for comparisons between SIL concentrations. Error bars show variability.]FIGURE 7 | Effects of SIL on serum levels of GSH (A) and CAT (B) following compression SCI. Data are expressed as mean ± SEM (n = 3). +++p < 0.001 vs. sham group, ***p < 0.001 vs. SCI group, and &p < 0.05, and &&&p < 0.001 vs. groups shown by lines. A one-way ANOVA was used. CAT, catalase; GSH, glutathione; SCI: spinal cord injury; SIL: silymarin (0.1, 0.2, and 0.4 μmol, 10 μL, and 30 min post-SCI).3.5.2 Nitrite level
SCI increased the serum nitrite level in the SCI group compared to the sham group (p < 0.001). Treatment with SIL reduced these elevated levels (p < 0.001) (Figure 8).
[image: Bar graph showing nitrite levels in micromolar for different treatments: Sham, SCI, and SIL at 0.1, 0.2, and 0.4 micromolar. SCI shows the highest level at about 80 micromolar. SIL treatments decrease nitrite levels significantly compared to SCI. Statistical significance is indicated with symbols.]FIGURE 8 | Effects of SIL on nitrite levels of serum following compression SCI. Data are expressed as mean ± SEM (n = 3). +++p < 0.001 vs. sham group and ***p < 0.001 vs. SCI group. A one-way ANOVA was used. SCI: spinal cord injury; SIL: silymarin (0.1, 0.2, and 0.4 μmol, 10 μL, and 30 min post-SCI).4 DISCUSSION
The data from this study indicate that i.t. administration of SIL is associated with dose-dependent improvements in functional outcomes following compression SCI. As shown in Figure 1, SIL treatment improved behavioral performance in assessments of motor function and pain sensitivity, reduced markers of oxidative stress, and modulated inflammatory mediators. Specifically, SIL attenuated cold allodynia, heat hyperalgesia, and mechanical allodynia, while improving motor coordination and mitigating SCI-induced weight loss. Biochemical analyses revealed enhanced activities of antioxidant enzymes such as catalase and glutathione, along with reduced serum nitrite levels. In addition, SIL treatment decreased levels of the pro-inflammatory enzyme MMP9 and increased levels of the anti-inflammatory MMP2. Histological findings further showed improved preservation of sensory and motor neurons in the dorsal and ventral horns of the spinal cord in SIL-treated animals.
The sensory and motor deficits following SCI depend largely on the extent and location of the injury, which can be classified according to the American Spinal Injury Association (ASIA) impairment scale into five categories: complete loss of motor and sensory function (A), sensory preserved without motor function (B), incomplete motor function (C and D), and normal function (E) (Holmes et al., 2024). Hence, in the current study, we used the compression SCI model to assess the impact of SIL translated to such an ASIA score of B (Fakhri et al., 2019; Fakhri et al., 2021; Fakhri et al., 2022b; Bagheri Bavandpouri et al., 2024). Research has identified various methods of inducing SCI models, with the compression SCI model being the most appropriate. This model applies pressure on both the dorsal and ventral surfaces of the spinal cord, allowing for an assessment of the sensory and motor pathway disruptions caused by SCI (Sharif-Alhoseini and Rahimi-Movaghar, 2014; Alizadeh et al., 2019).
The present study demonstrates that i.t. administration of SIL promotes functional recovery after compression SCI in a dose-dependent manner. Among the doses tested (0.1, 0.2, and 0.4 μmol), the 0.2 μmol dose consistently showed the most significant improvement across behavioral, biochemical, and histological assessments.
The effectiveness of SIL at a 0.2 μmol dose underscores the significance of identifying optimal dosing strategies. This finding suggests a dose-dependent relationship, indicating that higher doses do not necessarily yield enhanced effects but may lead to diminished efficacy or increased potential side effects (Peper, 2009). This type of dose-response efficacy was founded on a reverse U-shaped dose-response relationship and the principle of hormesis (Fakhri et al., 2020; Fakhri et al., 2022b). As a principle, the biphasic dose-response relationship, hormesis is a dose-response phenomenon well-known by a high-dose inhibition and low-dose stimulation of biological responses, represented by an inverted U-shaped dose-response or either a graphical J/U-shaped curve. Consequently, while high doses indicate possible cellular damage, decreased doses represent adaptive biological performance, including growth, cognition, longevity, and other biological activities (Fakhri et al., 2022b). It is also important to note that i.t. drug delivery allows for more immediate and potent effects compared to traditional oral routes. By bypassing the blood-brain barrier, medications can achieve higher concentrations directly at the target site in the central nervous system (CNS) without needing to navigate systemic circulation. This direct access results in improved therapeutic outcomes with potentially lower doses of medication (Bottros and Christo, 2014; De Andres et al., 2022). In addition to the importance of dose selection and drug delivery method, justification of drug solvent is also of great importance. Accordingly, we employed 70% ethanol to prepare the stock solution, as ethanol has a good ability to dissolve the contained flavonolignan compounds, and using this solvent ratio is appropriate to increase the solubility of the SIL (Tsai et al., 2010; Javed et al., 2011; Csupor et al., 2016). This dilution step (1/9: solution/distilled water: v/v) is very important because the final concentration of the solution must be safe and tolerable for i.t. injection and to prevent irritation or damage to the nervous. This volume is common for i.t. injections in animal models and allows suitable penetration of the compound into the central nervous system (Fakhri et al., 2022a; Rahman et al., 2023).
Behavioral evaluations revealed that SCI rats experienced significant motor deficits, as shown by lower BBB scores and impaired performance in the inclined plane test. SIL treatment significantly improved motor function from the early days post-injury, with the 0.2 μmol dose showing the most significant effect. Additionally, sensory abnormalities manifested as heat hyperalgesia, cold allodynia, and mechanical allodynia were notably attenuated by SIL, further confirming its analgesic properties. These findings align well with previous reports demonstrating the neuroprotective and anti-neuropathic effects of SIL in various neurodegenerative and neuropathic pain models (Haddadi et al., 2014; Hassani et al., 2015; de Freitas et al., 2018; Mohajjel Nayebi et al., 2021).
Oxidative stress is a key contributor to neuropathic pain and motor dysfunction after SCI through mechanisms involving inflammation, nerve damage, and sensitization of pain pathways (Singh et al., 2019; Hendrix et al., 2020; Yu et al., 2023). Accordingly, the attenuation of oxidative damage by SIL provided a plausible mechanism underlying the functional recovery seen in our study. When the body’s capacity to neutralize or detoxify ROS and reactive nitrogen species (RNS) is imbalanced, oxidative stress results. Highly reactive molecules called ROS have the potential to harm DNA, lipids, and proteins as well as other cellular components. This damage can lead to inflammation and dysfunction of cells and tissues (Singh et al., 2019), such as the process that happens after SCI (Yu et al., 2023). SIL is a flavonoid complex derived from the milk thistle plant. SIL has been found to possess antioxidant, anti-inflammatory, and neuroprotective properties (Surai, 2015). Also, Asghar et al. demonstrated that SIL possesses potent antioxidant properties by directly scavenging free radicals, inhibiting ROS-generating enzymes, enhancing cellular antioxidant defenses, and suppressing peroxyl radicals (Asghar and Masood, 2008). Furthermore, our biochemical data demonstrating increased catalase and glutathione peroxidase activity, along with decreased serum nitrite levels, reinforce the role of oxidative stress modulation in the sensory and motor improvements induced by SIL.
Nitric oxide and oxidative stress can interact with each other and affect various pathways, such as inflammation, apoptosis, and autophagy (Kumar and Chanana, 2017). Nitric oxide can affect antioxidant enzyme activity (SOD and CAT) and regulate the expression of genes related to the oxidative stress response (Kumar and Chanana, 2017). Oral administration of SIL in the Alzheimer’s model was associated with a decrease in NO and malondialdehyde (MDA) levels and an increase in the activity of SOD and CAT, as well as a decrease in the inflammatory factors TNF-α and IL-1β, improvement in histological changes, and preservation of neurons (Begara-Morales et al., 2016). Silibinin, another compound of milk thistle, has been studied for its potential to alleviate ferroptosis, a type of non-apoptotic cell death associated with SCI. Research indicates that it is effective in decreasing iron accumulation and lipid peroxidation, as evidenced by reduced levels of MDA, while simultaneously promoting increases in glutathione, glutathione peroxidase-4, and ferroportin levels (Vahabi et al., 2024). Tsai et al. highlighted the beneficial effects of SIL and silybin on cultured cells and in cases of acute SCI. Both compounds exhibit antioxidative, anti-inflammatory, and free radical scavenging properties, which may contribute to the prevention or mitigation of neurodegenerative diseases. They reported that SIL seems to be more effective than silybin in reducing free radical levels (Tsai et al., 2010).
ROS activate inflammatory signaling pathways (e.g., NF-κB), increasing the production of pro-inflammatory mediators. Inflammation generates more ROS through immune cell activation, perpetuating oxidative damage. This vicious cycle amplifies secondary injury, neuronal loss, and functional deficits (Yin et al., 2024). Following inflammation, pro-inflammatory cytokines (e.g., TNF-α, IL-1β) and enzymes such as MMPs are released, which further aggravate tissue injury by promoting edema, blood-spinal cord barrier disruption, and neuronal apoptosis (Freyermuth-Trujillo et al., 2022). In our study, SCI resulted in decreased levels of anti-inflammatory MMP2 and increased pro-inflammatory MMP9. SIL treatment reversed these changes by increasing MMP2 and suppressing MMP9 activities. A study reported that SIL reduces cyclooxygenase-2 (COX-2) expression and modulates the levels of NF-κB and MMPs (Ullah and Khan, 2018). Also, another study mentioned that SIL modulates the expression and activity of MMPs (Wadhwa et al., 2022). In the context of SCI, we previously showed that MMP9 plays an inflammatory role, while MMP2 possesses anti-inflammatory potentials (Bagheri Bavandpouri et al., 2024).
After the administration of SIL following SCI, the histology results and the increase in the number of healthy neurons align with the improvement observed in sensory and motor function. Aboelwafa et al. demonstrated that SIL significantly enhances neuronal integrity in animal models exposed to neurotoxic agents, such as aluminum chloride (Aboelwafa et al., 2020). Our findings suggested that SIL can potentially facilitate the repair of sensory and motor neurons in the dorsal and ventral horns of the spinal cord after SCI.
During the initial stage of SCI, individuals often experience substantial weight loss because of metabolic alterations and muscle degradation (Giangregorio and McCartney, 2006). Our study showed that SIL enhanced the motor activity of SCI rats by effectively alleviating pain, subsequently increasing their appetite and restoring their regular food consumption. By supporting liver function, SIL may help enhance overall metabolism and improve weight management (Vahabzadeh et al., 2018; Gillessen and Schmidt, 2020).
Despite using the most clinically relevant models of SCI in the current study (e.g., compression), there are minor limitations in related animal models. In pre-clinical models of SCI, young adult animals are commonly employed, while a wide age range of human individuals is involved in clinical models. Larger gray matter volumes in humans cause some neural tracts to be affected in human models and slow recovery in humans after SCI (Bagheri Bavandpouri et al., 2024).
5 CONCLUSION
The findings from this study highlight the significant therapeutic potential of i.t. administration of SIL in a dose-dependent manner in facilitating sensory-functional recovery after compression SCI. SIL exerts its beneficial effects through a variety of effects, including its antioxidant, anti-inflammatory, and neuroprotective properties, which collectively help to counteract the harmful consequences of oxidative stress and inflammation commonly associated with SCI. Nevertheless, further investigation is warranted to fully elucidate the specific molecular mechanistic pathways through which SIL exerts its effects, followed by well-controlled clinical trials.
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