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Abstract 

Background and Objectives: Traumatic brain injury (TBI) triggers oxidative stress, mitochon-
drial dysfunction, and sterile inflammation. Amantadine (ATD), a weak NMDA receptor 
antagonist, has shown neuroprotective potential, but its mechanistic basis remains un-
clear. This study examined whether ATD treatment is associated with changes in molec-
ular and histological markers related to the HIF-1α/BNIP3L/HMGB1-mediated hypoxia–
mitophagy–inflammation response in a rat TBI model. Materials and Methods: Thirty-two 
Wistar rats were assigned to four groups: sham, trauma, trauma + ATD (1 day), and 
trauma + ATD (7 days). TBI was induced using the impact-acceleration model, and ATD 
(45 mg/kg, i.p.) was administered post-injury. Oxidative stress indices (TOS, TAS, OSI), 
histopathology, inflammatory/apoptotic markers (CRP, TNF-α, Caspase-3), and gene ex-
pression (HIF-1α, BNIP3L, HMGB1) were evaluated. Results: ATD improved oxidative bal-
ance and histopathological integrity while reducing TNF-α, CRP, and Caspase-3 immu-
noreactivity. qPCR analysis showed lower HIF-1α, BNIP3L, and HMGB1 expression in 
ATD-treated groups, which is consistent with attenuation of hypoxia-related, mitochon-
drial stress-associated, and damage-associated molecular pattern-associated signaling af-
ter injury. Conclusions: In this experimental model, amantadine ameliorated oxidative, in-
flammatory, and apoptotic markers and was associated with reduced expression of HIF-
1α, BNIP3L, and HMGB1. These findings support a mechanistic correlation between ATD 
treatment and suppression of secondary injury signatures; however, causal pathway re-
lationships and functional neurological outcomes were not assessed. 
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1. Introduction 
Traumatic brain injury (TBI) is one of the leading causes of death and permanent 

neurological impairment globally. TBI, which is one of the leading causes of morbidity, 
especially in young adults, accounts for approximately one-quarter of all trauma-related 
deaths [1,2]. The severity of the trauma, the presence of systemic inflammation, and ac-
companying organ injuries significantly increase mortality and lead to long-term cogni-
tive and neurological sequelae in survivors [3]. 

The pathophysiology of TBI is divided into two main phases. Primary injury results 
from mechanical forces, while secondary injury involves molecular processes that begin 
within minutes and can persist for days. The main molecular processes include excitotox-
icity, oxidative stress, mitochondrial dysfunction, neuroinflammation, and apoptosis 
[4,5]. One of the key triggers of secondary damage is glutamate-mediated N-methyl-D-
aspartate (NMDA) receptor activation. Post-traumatic cellular energy loss, mitochondrial 
dysfunction, and membrane depolarization lead to excessive glutamate release from pre-
synaptic terminals. This situation leads to calcium influx into the cell via NMDA receptors, 
disruption of ionic balance, and irreversible neuronal damage [6]. Disruption of the 
blood–brain barrier (BBB) and loss of ionic homeostasis also exacerbate this process [7]. 

Amantadine (ATD) is a prominent agent in this context, acting as a weak NMDA 
receptor antagonist and an indirect dopamine agonist. It is used in clinical practice to sup-
port alertness and cognitive recovery in cases of impaired consciousness [8]. However, 
recent studies have shown that the neuroprotective effects of ATD after trauma are not 
limited to NMDA blockade; it may also be effective on mitochondrial quality control, the 
hypoxic response, and inflammatory signaling pathways [7,9,10]. Clinical and transla-
tional evidence, including recent mechanistic reviews, supports the broader neuroprotec-
tive potential of ATD after brain injury beyond NMDA antagonism, with reported anti-
inflammatory and mitochondrial-associated effects [8,9]. 

Post-traumatic oxidative stress is also one of the key components of secondary brain 
injury. Increased reactive oxygen species (ROS) and decreased antioxidant defense dis-
rupt cellular integrity. Laboratory indicators of this balance include Total Oxidant Status 
(TOS), Total Antioxidant Status (TAS), and their ratio, the Oxidative Stress Index (OSI). 
Elevated TOS and OSI values and decreased TAS levels in TBI models have revealed the 
significant role of oxidative stress in neurodegeneration [11,12]. 

Preserving mitochondrial integrity is critical for neuronal survival after TBI. In this 
process, the BCL2-interacting protein 3-like (BNIP3L/NIX)-mediated mitophagy mecha-
nism ensures the clearance of damaged mitochondria and the limitation of oxidative stress 
[13]. However, BNIP3L-driven mitophagy can be adaptive or maladaptive depending on 
injury severity, timing, and cellular context. Accordingly, changes in BNIP3L expression 
may reflect both direct modulation of mitophagy and indirect effects secondary to altered 
injury burden. 

Post-traumatic cellular hypoxia leads to increased expression of hypoxia-inducible 
factor-1 alpha (HIF-1α). While HIF-1α is involved in maintaining intracellular oxygen bal-
ance, its excessive activation can trigger microglial and astrocytic inflammation. This pro-
cess contributes to the deepening of neuronal damage and the expansion of secondary 
brain injury. Therefore, modulation of HIF-1α is an important area of research for control-
ling the post-traumatic neuroinflammatory response [7]. 

Another molecular regulator involved in the progressive phase of TBI is the high 
mobility group box-1 (HMGB1) protein. This protein, released by neurons and glial cells, 
initiates immune signaling via toll-like receptor-4 (TLR) and receptor for advanced gly-
cation end-products (RAGE) and can increase the severity of neuroinflammation [14,15]. 
Increased HMGB1 has been associated with BBB disruption, edema, and cell death. In this 
process, increases in proinflammatory cytokines, including tumor necrosis factor-alpha 
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(TNF-α) and C-reactive protein (CRP), are noteworthy. TNF-α triggers apoptosis-related 
pathways by stimulating microglial activation, while CRP is considered an indicator of sys-
temic inflammatory load [16]. In brain tissue, CRP immunoreactivity may reflect BBB leakage 
with the plasma protein extravasation and/or local expression by resident cells, and thus may 
serve as a surrogate marker of vascular-neuroinflammatory activation after TBI. 

Furthermore, Caspase-3 (Cas-3) is one of the main enzymes responsible for neuronal 
apoptosis after trauma and has been found to be associated with the severity of injury in both 
experimental and clinical TBI studies [17]. Therefore, changes in inflammation and apoptosis 
markers such as TNF-α, CRP, and Cas-3 following ATD treatment are valuable biomarkers 
for understanding the drug’s neuroprotective effects. 

All these data suggest that ATD is not only an NMDA antagonist but also a multitar-
geted neuroprotective compound that regulates oxidative stress, inflammation, HIF-1α, 
and HMGB1-mediated signaling pathways, as well as mitophagic mechanisms. 

This study aims to evaluate the potential neuroprotective effects of ATD in a well-
established rat TBI model. The study aims to investigate the regulatory effects of the drug 
on pathways related to oxidative stress (TOS, TAS, OSI), inflammation (CRP, TNF-α), 
apoptosis (Cas-3), and HMGB1; and to reveal the therapeutic potential of different appli-
cation times in reducing secondary brain injury. The overall experimental workflow and 
molecular targets analyzed are summarized in the Graphical Abstract. 

In this study, we show that post-traumatic ATD treatment improves oxidative bal-
ance (TOS/TAS/OSI), attenuates cortical histopathological damage and hemorrhage, and 
reduces inflammatory and apoptotic markers (TNF-α, CRP, Cas-3). In parallel, ATD was 
associated with lower HIF-1α, BNIP3L, and HMGB1 gene expression in the cerebral cortex, 
supporting an association with suppressed secondary injury signatures across early and 
delayed treatment time points. 

2. Materials and Methods 
2.1. Ethical Approval 

All experimental protocols were conducted in accordance with the ARRIVE v2.0 
guidelines and were approved by the Süleyman Demirel University Animal Ethics Com-
mittee (Protocol No: 11.05.2023-166/05). Animal welfare principles were strictly adhered 
to in the experiments. 

2.2. Animals and Experimental Design 

The study used 32 adult male Wistar albino rats weighing between 250 and 300 g. 
The animals were housed in Euro Type 4 cages at 23 °C, 55% humidity, and a 12-h 
light/dark cycle. All animals had free access to standard pellet feed and water. The rats 
were aged 10–12 weeks at the time of TBI induction. 

The rats were randomly divided into four groups of eight animals: 
Group I (Sham): Animals that were anesthetized but not traumatized received 0.5–1 

mL of physiological saline intraperitoneally (i.p.). They were sacrificed 24 h later. 
Group II (Trauma): Trauma was induced using the impact-acceleration model de-

scribed by Cikrik et al. In this model, a 50 g metal weight was dropped from a height of 
80 cm onto the skull of anesthetized rats to induce diffuse brain injury [18]. After trauma, 
animals received 0.5–1 mL of physiological saline i.p. and were sacrificed 24 h later. 

Group III (Trauma + ATD 1 day): A single dose of ATD (45 mg/kg, i.p.; A1260-5G, 
Sigma-Aldrich, St. Louis, MO, USA) was administered after trauma. Animals were sacri-
ficed 24 h later. 
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Group IV (Trauma + ATD 7 days): The same dose of ATD (45 mg/kg/day, i.p.) was 
administered for 7 days after trauma, and the animals were sacrificed at the end of the 
seventh day. 

The selected ATD dose of 45 mg/kg was determined based on previous studies [8,9] 
showing neuroprotective effects in TBI models. This dose provides a balanced therapeutic 
range between dopaminergic activation and NMDA antagonism. 

Anesthesia during trauma induction and sacrifice was achieved using a combination 
of xylazine (10 mg/kg; Xylazin Bio 2%, Bioveta, Ivanovice na Hané, Czech Republic) and 
ketamine (90 mg/kg; Keta-Control, Doğa İlaç, Istanbul, Turkey). Sacrifice was performed 
under deep anesthesia by blood collection from the inferior vena cava. Brain tissue was 
removed without traumatization. A portion of the tissues was fixed in 10% buffered for-
malin for histological and immunohistochemical examination; the remaining portions 
were stored at −80 °C for biochemical and molecular analysis. 

Brain region sampling: For biochemical assays (TOS/TAS/OSI) and qPCR, tissues 
were collected from the cerebral cortex. For histopathology and immunohistochemistry, 
paraffin blocks were prepared from coronal sections encompassing the cerebral cortex. 

2.3. Trauma Model and Evaluation (Samples Were Taken from the Cerebral Cortex as  
Noted Above) 

To ensure homogeneity of the trauma, each rat’s head was immobilized prior to im-
pact, and no bone fracture or bleeding was observed at the application site. Post-trauma 
spontaneous resumption of breathing and reflex response times were recorded to stand-
ardize the model. 

2.4. Biochemical Analysis 

Brain tissues were homogenized by diluting them 1:9 (weight/volume) with phos-
phate-buffered saline (10 mM, pH 7.4) (IKA T25 Ultra-Turrax, IKA-Werke GmbH & Co., 
KG, Staufen, Germany). Homogenates were centrifuged at 2000 rpm for 20 min at 4 °C 
(NF 1200R, Nüve, Ankara, Turkey). The supernatants were used for total antioxidant level 
(TAS) and total oxidant level (TOS) analyses. 

TAS and TOS levels were measured colorimetrically using an automatic biochemis-
try analyzer (AU5800, Beckman Coulter, Brea, CA, USA) according to the Erel method 
[11,17,18]. Results were expressed as µmol H2O2 equivalent/L for TOS and mmol Trolox 
equivalent/L for TAS. 

The Oxidative Stress Index (OSI) was calculated using the formula (TOS/TAS) × 100 
[19]. Total protein content was determined using the BCA method (562 nm), and results 
were normalized per mg of protein. 

2.5. Histopathological Examination 

Sections were obtained from the cerebral cortex for histopathological scoring. 
Brain tissues were fixed in 10% buffered formalin, embedded in paraffin after routine 

tissue processing, and sectioned into 5 µm thick serial sections. Sections were stained with 
hematoxylin-eosin (H&E) and evaluated under a light microscope (CX41, Olympus, To-
kyo, Japan). 

Histopathological changes were graded from 0 to 4 according to the criteria defined 
by Mielke et al. [19] (Table 1). 
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Table 1. Histopathological scores of subarachnoid hemorrhages. 

0 Normal meningeal and parenchymal structure 
1 No blood in the subarachnoid space, ventricles, or brain parenchyma. 
2 No localized or diffuse thin subarachnoid hemorrhage, intraventricular, or intraparenchymal hemorrhage. 
3 No diffuse or localized thick subarachnoid blood layers, intraventricular, or intraparenchymal hemorrhage. 

4 
Intraventricular or intraparenchymal hemorrhage in association with subarachnoid hemorrhage, regardless of 
thickness or location. 

The table evaluates the degree of deterioration in the meningeal and parenchymal 
structures according to the degree of subarachnoid hemorrhage. 

2.6. Immunohistochemical (IHC) Analysis 

Sections were mounted on poly-L-lysine-coated slides. IHC staining was performed 
using the streptavidin-biotin peroxidase method. 

Primary antibodies: 
TNF-α (Recombinant Anti-TNF-α [EPR21753-109], ab205587) 
Cas-3 (Anti-Caspase-3 [EPR18297], ab184787) 
CRP (Recombinant Anti-CRP [EPR23975-119], ab259862) 
Were selected (Abcam, Cambridge, UK). All antibodies were diluted 1:100. The 

Mouse and Rabbit Specific HRP/DAB Detection Kit (ab236466, Abcam) was used as the 
secondary antibody. Image analysis was performed by two independent researchers in a 
group-blinded manner; consensus was reached in case of disagreements. In negative con-
trols, the dilution buffer was applied instead of the primary antibody. Five non-overlap-
ping areas were selected within the cerebral cortex for each rat; 20 cells were randomly 
evaluated at 40× magnification in each area (total 100 cells). The percentage of positively 
stained cells was calculated using ImageJ 1.46r (NIH, Bethesda, MD, USA) software. 

Staining intensity was also evaluated using the semiquantitative H-score method. 
Images were captured using an Olympus CX41 microscope and CellSens Life Science Im-
aging software v2.1 (Olympus Corporation, Tokyo, Japan). 

2.7. Genetic Analysis (qPCR) (RNA Was Extracted from the Cerebral Cortex Tissue Samples) 

RNA was isolated from homogenized tissue samples using the GeneAll RiboEx™ Kit 
(GeneAll Biotechnology, Seoul, Korea) (Cat No: 301-001) according to the manufacturer’s 
instructions. RNA quantity and purity were measured using a NanoDrop UV-Vis spec-
trophotometer (Shimadzu UV-2600, Shimadzu Corporation, Kyoto, Japan). 

cDNA synthesis was performed using 1 µg of RNA with the A.B.T.™ cDNA Synthe-
sis Kit (Atlas Biotechnology, Turkey) (Cat No: C03-01-05). Primer sequences were de-
signed using the NCBI Primer-BLAST tool (available online 
https://www.ncbi.nlm.nih.gov/tools/primer-blast/ Accessed 9 February 2026). 

The primer sequences and gene product lengths used are given in Table 2. 

Table 2. Primary sequences, product sizes, and accession numbers of genes. 

Genes Primary Sequence Product Size Accession Number 
Rn18s 
(Housekeeping) 

F: CTCTAGATAACCTCGGGCCG 209 bp NR_046237.2 

Rn18s 
(Housekeeping) 

R: GTCGGGAGTGGGTAATTTGC 209 bp NR_046237.2 

BNIP3L F: TTTAAAGCAGCTCTGGAGCCC 185 bp NM_080888.2 
BNIP3L R: GGCCTGAGACACTCCTTACA 185 bp NM_080888.2 
HMGB1 F: GCGCTTTTGTGATGGAGTGC 244 bp NM_012963.3 
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HMGB1 
R: GCACCAAGTGTT-
GTTAATGGGG 

244 bp NM_012963.3 

HIF 1 α F: GCAACTAGGAACCCGAACCA 251 bp NM_024359.2 
HIF 1 α R: TCGACGTTCGGAACTCATCC 251 bp NM_024359.2 
F: Forward, R: Reverse, Rn18s: 18S ribosomal RNA, BNIP3L: BCL2 Interacting Protein 3-Like, 
HMGB1: High mobility group box 1, HIF1 α: Hypoxia-inducible factor-1 alpha. 

Real-time PCR was performed using the A.B.T.™ SYBR Master Mix (Cat No: Q04-01-
05) on a Bio-Rad CFX96 (Bio-Rad Laboratories, Hercules, CA, USA) device. 18S ribosomal 
RNA (Rn18s) was used as the reference gene. 

Each sample was run in triplicate. PCR conditions: 5 min pre-denaturation at 95 °C; 
followed by 40 cycles (15 s at 95 °C, 30 s at 55 °C). 

Primer efficiencies ranged from 92% to 105%. Average Ct values ranged from 18 to 
28. Relative gene expression was calculated using the 2−ΔΔCt method. The melting curve 
showed a single peak; no amplification was observed in NTC samples. 

2.8. Molecular Target Rationale 

The selected molecular targets were chosen to interrogate specific mechanisms of sec-
ondary brain injury. HIF-1α represents hypoxia-driven transcriptional activation, BNIP3L 
(NIX) reflects mitophagy-related mitochondrial quality control, and HMGB1 serves as a 
key damage-associated molecular pattern (DAMP) molecule linking mitochondrial stress 
to inflammation. TNF-α, CRP, and Cas-3 were assessed as downstream markers of inflam-
matory and apoptotic cascades. Together, these parameters delineate the hypoxia-mitoph-
agy-inflammation axis relevant to TBI pathophysiology. 

2.9. Statistical Analysis 

Data were analyzed using GraphPad Prism v10.1 (GraphPad Software, San Diego, 
CA, USA) software. First, the Shapiro–Wilk test was used to assess distribution normality. 
Variables showing normal distribution (p > 0.05) were compared using one-way ANOVA. 
The Tukey post hoc test was used for pairwise analyses. 

The significance level was set at p < 0.05. Results are expressed as mean ± standard 
deviation (SD). 

A pre-a priori power analysis was performed using G*Power v3.1.9.4 software to de-
termine the minimum sample size required for the study. Because TBI-specific pilot vari-
ance estimates were not available, we adopted an a priori large effect size assumption (f = 
0.40) for a four-group one-way ANOVA, with α error probability 0.05 and power (1 − β) 
= 0.80. Under these assumptions, the required sample size was calculated as n = 28 (7 ani-
mals per group). To increase reliability and compensate for potential post-traumatic mor-
tality, 32 rats (8 per group) were included in the study [20]. 

2.10. Study Design and Reporting 

The study was randomized and controlled; animals were randomly allocated to 
groups. Investigators performing histopathological and immunohistochemical scoring 
were blinded to group allocation. Mortality and exclusion criteria were recorded. 

3. Results 
3.1. ATD Treatment Reduces Oxidative Stress After Trauma 

In the trauma group, TOS and OSI values were significantly increased compared to 
the sham group (p = 0.012 and p = 0.002, respectively). Although the TAS decreased in the 
trauma group, this difference remained at the statistical threshold (p = 0.069). 
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One day of ATD administration resulted in a decrease in TOS and OSI values and an 
increase in TAS levels, but these changes did not reach the level of significance. 

After seven days of treatment, oxidative balance improved significantly: TOS and 
OSI values decreased significantly (p = 0.041 and p < 0.001), while TAS levels increased 
significantly (p = 0.003). 

These findings indicate that ATD significantly alleviates the oxidative stress response 
after trauma, particularly with long-term administration (Figure 1). 

 

Figure 1. Oxidative stress parameters in the cerebral cortex following experimental traumatic brain 
injury (TBI). Total oxidant status (TOS), total antioxidant status (TAS), and oxidative stress index 
(OSI) are shown for sham, trauma, trauma + amantadine (ATD) (1 day), and trauma + ATD (7 days) 
groups. Individual values are shown as dots, with each dot representing the measurement obtained 
from a single animal. The horizontal line within each group indicates the group mean. “*” represents 
p < 0.05, “**” represents p < 0.01, and “***” represents p < 0.001. 
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3.2. ATD Reduces Cortical Hemorrhage and Histopathological Damage 

Histopathological examination revealed no significant pathology in the sham group 
except for mild hyperemia in the meningeal region. The trauma group showed wide-
spread hemorrhage and tissue disorganization, and histopathological scores were signif-
icantly higher (p < 0.001). 

Following ATD administration, hemorrhage was significantly reduced. After 1 day 
of treatment, hemorrhagic foci were significantly reduced (p < 0.001), and after 7 days of 
treatment, hemorrhagic areas were minimized, with signs of healing and localized fibrotic 
tissue formation observed (p < 0.001). 

According to histopathological scoring, ATD administration reduced tissue damage 
(Figure 2). 

3.3. Immunohistochemical Analyses Show That Inflammation and Apoptosis Are Suppressed 

Immunohistochemical studies showed that CRP, Cas-3, and TNF-α expressions were sig-
nificantly increased in the trauma group compared to the sham group (p < 0.001 for all three). 

CRP: Decreased significantly with both 1-day and 7-day ATD treatment (p < 0.001 for 
both). After 7 days of treatment, CRP expression decreased to sham levels. 

Cas-3: Decreased significantly in both treatment groups (p < 0.001 for both). While 
one-day treatment resulted in normalization close to sham levels, expression was notably 
lower than in the sham group after seven days of treatment (p = 0.015). 

TNF-α: Expression levels decreased significantly with ATD treatment in both treat-
ment groups (p < 0.001 for both). After 7 days of treatment, TNF-α levels were not statis-
tically different from those in the sham group (p = 0.583). 

These data indicate that ATD effectively suppresses the inflammatory response and 
apoptotic processes in a time-dependent manner (Figure 3). 

3.4. ATD Suppresses Gene Expression Associated with Secondary Damage 

In qPCR analyses at the molecular level, BNIP3L, HIF-1α, and HMGB1 gene expres-
sion was significantly increased in the trauma group compared to the sham group (p < 
0.001 for all three). 

BNIP3L: This increase was significantly reduced with ATD treatment in both 1-day 
and 7-day applications (p < 0.001 for both). After 7 days of treatment, BNIP3L expression 
approached sham levels but remained slightly elevated (p = 0.018). 

HIF-1α: A significant decrease was observed in both treatment groups (p < 0.001 for 
both). There was no difference between short- and long-term treatments (p = 0.527). 

HMGB1: Compared to the trauma group, expressions were significantly decreased in 
both treatment groups (p < 0.001 for both).  

These findings indicate that ATD treatment is associated with lower mRNA expres-
sion of BNIP3L, HIF-1α, and HMGB1 after TBI, consistent with attenuation of secondary 
injury-related transcriptional responses; however, mitophagy was not directly assessed, 
and these gene-expression changes were not validated at the protein level (Figure 4). 
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Figure 2. Histopathological evaluation of cortical injury following experimental TBI. Representative 
hematoxylin–eosin-stained sections (I) and semiquantitative histopathological scores (II) are shown 
for the sham, trauma, trauma + ATD (1 day), and trauma + ATD (7 days) groups. (A) Displays mild 
hyperemia alongside pronounced hemorrhage (indicated by arrowhead) in the meningeal area 
within the sham group. (B) Marked hyperemia with severe hemorrhage foci (arrow) in the brain of 
a rat from the trauma group. (C) A significantly reduced hemorrhage area (arrow) was detected in 
the 1-day treatment group. (D) A notable decrease in the hemorrhagic area was accompanied by 
increased fibrotic tissue in a rat from the ATD 7d group. The scale bars represent 50 µm. The rela-
tionships between groups (n = 8 for each) were assessed by one-way ANOVA and post hoc Tukey’s 
test. Individual values are shown as dots, with each dot representing the measurement obtained 
from a single animal. The horizontal line within each group indicates the group mean. “***” repre-
sents p < 0.001. 
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Figure 3. Immunohistochemical assessment of inflammatory and apoptotic markers in the cerebral 
cortex. Representative staining (I) and quantitative analysis (II) of C-reactive protein (CRP), tumor 
necrosis factor alpha (TNF-α), and caspase-3 (Cas-3) are shown across study groups. Negative con-
trols were processed without the primary antibody. (A) Negative results for slight expression of 
CRP, Cas-3, and TNF-α in the sham group. (B) Indicates a significant increase in CRP, Cas-3, and 
TNF-α expression (marked by arrows) in the trauma group. (C) A marked decrease in CRP, Cas-3, 
and TNF-α expression was detected in the 1-day group. (D) CRP, Cas-3, and TNF-α expression were 
not detected in the 7-day group. These images were obtained via the streptavidin‒biotin peroxidase 
method, with scale bars representing 50 µm. The relationships between groups (n = 8 for each) were 
assessed by one-way ANOVA and post hoc Tukey’s test. Individual values are shown as dots, with 
each dot representing the measurement obtained from a single animal. The horizontal line within 
each group indicates the group mean. “*” represents p < 0.05 and “***” represents p < 0.001. 
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Figure 4. qPCR-based relative gene expression in the cerebral cortex following experimental TBI. 
Relative mRNA expression levels of HIF-1α, BNIP3L, and HMGB1 are shown across sham, trauma, 
trauma + ATD (1 day), and trauma + ATD (7 days) groups. “*” represents p < 0.05 and “***” repre-
sents p < 0.001. 
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These findings indicate that ATD suppresses the molecular mechanisms of secondary 
brain injury by regulating the expression of genes associated with mitophagy (BNIP3L), the 
hypoxia response (HIF-1α), and inflammation-mediated (HMGB1) pathways (Figure 4). 

Overall, ATD reduced oxidative stress, inflammation, apoptosis, and injury-associated 
changes in gene expression in a time-dependent manner after TBI. Short-term treatment pro-
vided partial improvement in biochemical parameters, while seven days of administration 
produced more pronounced improvements in biochemical and histological readouts. 

4. Discussion 
TBI remains a serious global health problem due to high mortality and morbidity 

rates, as well as long-term neurocognitive impairments, behavioral changes, and physical 
sequelae [21,22]. Secondary brain injury is a complex process involving the interaction of 
multiple mechanisms, including cytotoxicity, oxidative stress, inflammation, hypoxia, 
and mitochondrial dysfunction [23,24]. Therefore, therapeutic strategies targeting multi-
ple steps of the pathophysiology are of great importance for neuroprotection. 

In this study, the protective potential of ATD ATD, known for its NMDA receptor antag-
onism and dopaminergic activity modulation, against secondary brain injury after trauma 
was investigated. Overall, our findings suggest that ATD attenuates oxidative stress and in-
flammatory/apoptotic responses and is associated with concurrent changes in the expression 
of HMGB1, HIF-1α, and BNIP3L. Importantly, these molecular changes should be interpreted 
as mechanistic correlations within the proposed hypoxia–mitophagy–inflammation frame-
work rather than as definitive evidence of direct pathway modulation. 

4.1. Oxidative Stress and Antioxidant Response 

Increased ROS production and inadequate antioxidant defense after TBI are among 
the most important determinants of neuronal loss. In our study, we found a significant 
increase in TOS and OSI levels and a decrease in TAS levels in the trauma group. How-
ever, 7 days of ATD treatment significantly corrected this imbalance. Gündüz et al. [25] 
demonstrated that ATD reduced TOS levels and increased TAS in a cerebral ischemia–
reperfusion model. Similarly, it has been reported that a decrease in total antioxidant ca-
pacity in critically ill TBI patients is associated with secondary organ damage [23]. Restor-
ing antioxidant capacity is a fundamental goal in terms of preserving mitochondrial sta-
bility and preventing neuronal death [24]. These results suggest that prolonged ATD ad-
ministration may alleviate secondary damage by reestablishing redox homeostasis. 

4.2. Histopathological Improvement and Suppression of the Inflammatory Response 

Histopathological findings supported the biochemical data and showed that ATD 
significantly reduced vascular congestion and hemorrhagic areas. Immunohistochemical 
analyses revealed that ATD significantly reduced post-traumatic increases in CRP, Cas-3, 
and TNF-α expression. Because CRP is primarily a systemic inflammatory marker, brain 
CRP immunoreactivity in this setting likely reflects BBB disruption and extravasation of 
circulating CRP and/or local tissue-associated CRP signal within inflamed vasculature 
and parenchyma; therefore, we interpreted CRP staining as a composite indicator of post-
traumatic vascular-neuroinflammatory activity rather than purely systemic inflammation. 
This result is consistent with previous studies supporting the anti-inflammatory and anti-
apoptotic effects of ATD [7,26]. Unluer et al. [26] reported that long-term ATD administra-
tion in a rabbit spinal ischemia model reduced Cas-3 activity and inflammatory markers 
and increased neuronal survival. Similarly, Wang et al. [27] demonstrated that 16 days of 
ATD treatment in a TBI model suppressed microglial activation, reduced TNF-α levels, 
and supported cognitive recovery. Our findings indicate that short-term treatment 
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initiates an anti-inflammatory response, while longer administration is associated with 
more persistent attenuation of neuroinflammatory cascades. 

4.3. Regulation of HMGB1-Mediated Neuroinflammation 

In our study, HMGB1 gene expression was significantly increased after trauma, and 
ATD treatment markedly reduced this increase. HMGB1 is a potent proinflammatory 
DAMP protein released by necrotic neurons and activated glia. Once released, it binds to 
TLR4 and RAGE receptors, triggering microglial activation and cytokine release 
[14,28,29]. Redox imbalance deepens the inflammatory response by stimulating the trans-
location of HMGB1 from the nucleus to the cytoplasm and its secretion [30,31]. This link 
between oxidative stress and HMGB1 expression parallels the increase in TOS/OSI ob-
served in our study. 

The decrease in TOS and OSI following ATD treatment should be evaluated in con-
junction with the normalization of HMGB1 expression; this suggests that the antioxidant 
effects of ATD indirectly suppress HMGB1-mediated inflammation. Similarly, it has been 
reported that glycyrrhizin application reduces oxidative stress by inhibiting HMGB1 ac-
tivity and accelerates neurological recovery [32]. HMGB1 is a primary regulator of neu-
roinflammation and brain edema, and HMGB1-neutralizing antibodies or A-box peptide 
analogues have been shown to reduce edema and tissue loss in TBI models [33,34]. Fur-
thermore, pregabalin administration has been shown to suppress HMGB1 translocation 
and glial activation in a radiation-induced brain injury model [35]. These data support the 
notion that HMGB1 plays a central role in various neurodegenerative processes and that 
ATD may exert a regulatory effect on this pathway. 

4.4. Hypoxia Response and HIF-1α Relationship 

Hypoxic signaling pathways, particularly through HIF-1α, play an important role in 
secondary brain injury. HIF-1α is activated in the presence of oxygen deficiency and con-
tributes to tissue remodeling and the persistence of the inflammatory response by increas-
ing the expression of genes such as vascular endothelial growth factor [7,36–38]. In our 
study, the significantly increased HIF-1α expression in the trauma group was suppressed 
by ATD treatment. This finding is consistent with studies reporting that HIF-1α inhibition 
reduces edema and prevents neurological impairment after TBI [38]. HIF-1α also links 
hypoxia to inflammation by stimulating the production of proinflammatory cytokines 
such as TNF-α and IL-1β [7]. Therefore, ATD may also have weakened these upstream 
inflammatory pathways by reducing HIF-1α expression. 

There is a bidirectional interaction between hypoxia, oxidative stress, and HMGB1. 
ROS production triggers the transition of HMGB1 from the nucleus to the cytoplasm and 
its secretion [39], while extracellular HMGB1 can also increase HIF-1α activation via the 
RAGE/NF-κB pathway [40]. This reciprocal cycle creates a positive feedback mechanism 
that enhances the secondary inflammatory response. In our study, the simultaneous de-
crease in both HIF-1α and HMGB1 levels after ATD treatment suggests that this harmful 
interaction is broken. 

4.5. Mitochondrial Dysfunction and BNIP3L-Mediated Mitophagy 

Impaired mitochondrial integrity is one of the most important determinants of sec-
ondary neuronal damage. Following TBI, mitochondria fail to sustain energy production, 
leading to ROS accumulation and apoptosis [41]. Mitochondrial quality is maintained by 
selective autophagic mechanisms known as mitophagy [42]. The BNIP3L/NIX protein 
plays a critical role in this process; increased BNIP3L expression under hypoxic or oxida-
tive stress conditions facilitates the elimination of damaged mitochondria [13,43]. How-
ever, excessive BNIP3L activation can lead to mitochondrial depletion and cellular energy 
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deficiency [44]. Importantly, mitophagy was not directly measured in this study (e.g., 
LC3-II, p62, Parkin, mitochondrial turnover markers), and BNIP3L mRNA levels should 
not be interpreted as a measure of mitophagic flux. 

In rodent TBI models, increased BNIP3L expression in the cortex and hippocampus 
has been associated with increased autophagic activity and neuronal loss [45]. Further-
more, altered BNIP3L/NIX signaling has been linked to mitochondrial dysfunction in is-
chemic stroke and epilepsy models [46]. In our study, BNIP3L expression was significantly 
increased in the trauma group, while this increase was markedly reduced with ATD treat-
ment. Given that BNIP3L-mediated mitophagy may be protective (by removing damaged 
mitochondria) or deleterious (if excessive or coupled to cell death pathways) depending 
on context, the observed reduction in BNIP3L should be interpreted cautiously. It may 
reflect decreased activation of injury-driven mitochondrial stress responses, secondary to 
reduced overall tissue damage rather than direct pharmacological suppression of mitoph-
agy per se. Future studies assessing mitophagy flux and employing genetic/pharmaco-
logic manipulation of BNIP3L would be needed to establish causality. Nonetheless, the 
parallel improvements in oxidative stress indices and apoptosis markers are consistent 
with improved mitochondrial homeostatic balance in ATD-treated animals. 

4.6. Proposed Mechanistic Framework 

Experimental TBI initiates a molecular response in which hypoxia signaling (HIF-1α), 
mitochondrial stress/mitophagy-related markers (BNIP3L), and DAMP-related inflamma-
tion (HMGB1) may rise in parallel with downstream inflammatory and apoptotic readouts 
such as TNF-α and Cas-3. In our dataset, ATD treatment was associated with coordinated 
reductions across these markers, consistent with dampening of a feed-forward hypoxia–
mitochondrial stress–DAMP cycle. However, because this study did not include pathway-
specific perturbations, the relationships within the proposed axis should be considered 
associative. By preserving histological integrity and reducing inflammatory signaling, 
ATD appears to act beyond NMDA antagonism in this model, but future work should 
directly test pathway dependencies to confirm mechanistic modulation. The proposed 
cascade and the pattern of changes observed with ATD are illustrated in Figure 5. 

4.7. Limitations of the Study 

Although the impact-acceleration model used in this study represents a well-defined 
experimental form of TBI, it may not fully reflect the multifocal and heterogeneous injury 
pattern seen in humans. Importantly, the absence of neurological/behavioral assessments 
substantially limits translational interpretation; therefore, our findings should be viewed as 
molecular and histological evidence consistent with neuroprotection rather than proof of func-
tional recovery. Furthermore, using only male rats precludes any comments on sex differences. 
Future studies should evaluate the long-term effects of ATD by correlating molecular changes 
(including HIF-1α/BNIP3L/HMGB1-related markers) with validated behavioral and neurolog-
ical outcome measures. Additionally, the proposed HIF-1α/BNIP3L/HMGB1 framework is 
supported only by qPCR (mRNA) data, and protein-level confirmation (e.g., Western 
blot/ELISA) was not performed. Moreover, mitophagy was not directly assessed, and addi-
tional autophagy/mitophagy markers were not measured. 
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Figure 5. Proposed mechanistic framework of ATD-associated modulation of secondary injury after 
TBI. Schematic illustration summarizing the putative hypoxia–mitochondrial stress/mitophagy–
DAMP-mediated inflammation axis in the cerebral cortex following TBI. Post-traumatic activation 
of hypoxia signaling (HIF-1α), mitochondrial stress–related responses (BNIP3L), and DAMP signal-
ing (HMGB1) is shown in parallel with downstream inflammatory and apoptotic markers. ATD 
treatment is depicted as being associated with coordinated reductions in these molecular signatures, 
together with attenuation of oxidative stress and inflammatory/apoptotic responses. 

5. Conclusions 
In summary, ATD improved oxidative balance and reduced histopathological injury, 

inflammatory staining, and apoptotic markers after experimental TBI. ATD treatment was 
also associated with lower HIF-1α, BNIP3L, and HMGB1 expression, consistent with re-
duced secondary injury signatures within a hypoxia–mitochondrial stress/mitophagy–
DAMP inflammation framework. However, these axis-related inferences are based on 
mRNA expression and should be interpreted cautiously in the absence of protein-level 
confirmation and direct mitophagy measurements. Because neurological/behavioral out-
comes and pathway-specific causal tests were not performed, these findings should be 
interpreted as evidence of molecular and histological attenuation consistent with neuro-
protection rather than definitive proof of direct axis modulation or functional recovery. 
Further studies incorporating functional endpoints and mechanistic interventions are 
warranted. Specifically, compared with the untreated trauma group, ATD reduced oxi-
dant burden and improved antioxidant status, decreased cortical hemorrhage/tissue dis-
ruption, and lowered TNF-α, CRP, and Cas-3 immunoreactivity, while being associated 
with reduced HIF-1α, BNIP3L, and HMGB1 mRNA expression in the cerebral cortex. 
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