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Abstract

Background: Mild traumatic brain injury (mTBI) may disrupt hepatic cytochrome P-450 enzyme activity, potentially altering
drug pharmacokinetics.

Objectives: This study investigated the impact of mTBI on CYP2D6 activity and the restorative effects of melatonin and vitamin
C supplementation.

Methods: Mild traumatic brain injury was induced in rats using a modified weight-drop model, which were then assigned to
treatment or control groups. CYP2D6 activity was assessed at multiple time points post-injury using metabolic ratios of
tramadol and mirtazapine through isolated liver perfusion. All experimental procedures were conducted with the investigator
blinded to group assignments.

Results: Mild traumatic brain injury significantly suppressed CYP2D6 activity on day 3, with partial recovery by day 7. While
tramadol metabolism normalized by day 28, mirtazapine metabolism remained impaired in non-supplemented groups.
Supplementation accelerated CYP2D6 recovery, showing statistically significant change by day 7. By day 28, supplemented
groups exhibited metabolic ratios surpassing baseline levels.

Conclusions: Mild traumatic brain injury induces transient suppression of CYP2D6 activity, which was attenuated in
antioxidant-treated groups in this preclinical model. Further studies are needed to explore the clinical relevance of these
findings.
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1. Background

Mild traumatic brain injury (mTBI) is a prevalent
neurological condition that can lead to a range of
cognitive, emotional, and physiological disturbances (1,
2). While often considered less severe than moderate or
severe traumatic brain injury, mTBI can still induce
significant alterations in brain function and systemic
physiology, including the regulation of hepatic drug-
metabolizing enzymes (3, 4).

Cytochrome P450 (CYP) enzymes, particularly
CYP2D6, play a critical role in the metabolism of many

clinically relevant drugs. Evidence suggests that
inflammatory responses triggered by brain injury can
transiently suppress CYP2D6 activity, potentially
altering drug pharmacokinetics (5-7). Understanding
the dynamics of CYP2D6 modulation following mTBI is
therefore crucial for predicting drug metabolism in
affected individuals.

Antioxidant supplementation has been proposed as a
potential strategy to mitigate oxidative stress and
support recovery after neurological injury (8-10). In
particular, melatonin and vitamin C are known for their
neuroprotective and antioxidative properties. However,
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their effects on hepatic CYP2D6 activity following mTBI
remain unclear (10-12).

In this study, we hypothesized that supplementation
with melatonin and vitamin C may attenuate the
suppressive effects of mTBI on CYP2D6 activity. By
investigating these preclinical mechanisms, we aim to
provide foundational insights that could inform future
therapeutic strategies while emphasizing the
exploratory nature of this research.

2. Objectives

This study aimed to investigate the effect of mTBI on
hepatic CYP2D6 enzyme activity and subsequent drug
metabolism in an experimental animal model.
Furthermore, it sought to evaluate whether melatonin
and vitamin C supplementation could mitigate the
mTBl-induced alterations in CYP2D6 activity. We
hypothesized that antioxidant supplementation would
promote faster enzymatic recovery following mTBI.

3. Methods

3.1. Chemicals

The study utilized chemicals and reagents from
various suppliers. Racemic tramadol and its metabolite
M1 were provided by Grunenthal (Germany), while
injectable vitamin C was obtained from Caspian Tamin
Pharmaceutical Co. (Iran). Mirtazapine (MRZ), its 8-OH
metabolite, and NDES metabolite were supplied by
Mario Georgi (Italy). HPLC-grade solvents, analytical-
grade salts, and melatonin were sourced from Merck
(Germany) and Sigma-Aldrich (USA). Purified water was
obtained from a Millipore system. The Krebs-Henseleit
buffer was freshly prepared and equilibrated with an
oxygen-carbon dioxide mixture. All other chemicals
were of analytical or HPLC grade.

3.2. Experimental Protocol

Healthy male Wistar rats (180 - 200 g) were housed
under controlled conditions (12-hour light/dark cycle, 25
12° C, 55% relative humidity) with unrestricted access to
food and water. Environmental enrichment was
provided in accordance with ARRIVE guidelines,
including nesting material, cardboard tunnels, and
social housing (3 rats per cage) to promote natural
exploratory behavior and reduce stress.

All procedures conformed to the National Institutes
of Health (NIH) Guide for the Care and Use of Laboratory
Animals and were approved by the Ethics Committee of
Tehran University of Medical Sciences (ethical code:

IR.TUMS.TIPS.REC.1400.002). Animals were randomly
assigned to groups using a computer-generated
randomization sequence to minimize bias.

3.2.1. Randomisation and Blinding

Animals were allocated to experimental groups using
a computer-generated random sequence. The allocation
sequence was generated by an independent researcher
who was not involved in animal handling, sample
collection, or outcome assessment. Group assignments
were encoded (numeric ID labels) and provided to the
animal facility staff for cage assignment; investigators
responsible for surgical procedures and post-operative
care were aware only of cage IDs, not group identity.

For sample processing and biochemical assays, tissue
and plasma samples were relabelled with anonymised
codes by a technician not involved in downstream
analyses to ensure that laboratory personnel remained
blinded to group assignment. Activity assays and
biomarker measurements were performed according to
pre-specified protocols without access to the allocation
key. Data files were compiled with coded identifiers and
provided to the statistician who performed the primary
analyses while blinded to group identities; the
allocation key was only revealed after completion of the
primary statistical analysis.

Any deviations from the randomisation or blinding
procedures (e.g., unexpected exclusions for humane
endpoints) were documented contemporaneously and
are reported in the Supplementary File.

3.2.2. Experimental Design for Induction of Mild Traumatic
Brain Injury

An mTBI model was established using a modified
weight-drop method optimized via a central composite
design (CCD) approach. The rationale for using CCD was
to systematically identify and balance the critical
parameters influencing the severity and reproducibility
of injury (e.g., drop height, impact force, and protective
conditions) while minimizing the number of animals
required. This statistical optimization allowed
refinement of the mTBI protocol to achieve consistent,
mild injuries in line with prior literature (5).

On postnatal day 45 (P45), rats were anesthetized
with isoflurane and positioned on an aluminum foil
stage above a sponge pad. A weight was dropped
through a PVC guide tube to induce mTBI, ensuring a
single impact per animal. Following injury, lidocaine
was applied locally, and rats were kept on a heating pad
until recovery before being returned to their enriched
cages.
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Animal body weights were monitored daily post-
injury, and no significant weight loss or signs of distress
were observed, indicating adherence to humane
endpoints and animal welfare standards.

3.2.3. Behavioral Testing

Behavioral tests were conducted to evaluate
neurological and functional outcomes following mTBI.
Three standard assays — the neurological severity score
(NSS), beam walk test, and open field test — were used to
confirm successful mTBI induction. These tests
collectively assess motor coordination, anxiety, and
general neurological function (13).

3.2.3.1. Neurological Severity Score

The ten-point NSS was used to quantify post-injury
neurological impairment. The score consists of ten tasks
assessing reflexes, motor skills, and alertness; one point
is assigned for each failed task. Scores were recorded at 1
and 18 hours after injury by two blinded investigators,
with higher scores indicating greater neurological
deficit (14).

3.2.3.2. Beam Walk Test

Twenty-four hours post-injury, rats performed the
beam walk test on a 165-cm tapered beam. The number
of hindlimb slips and the time to traverse the beam
were measured to evaluate balance and coordination.
Trials were video recorded and analyzed by blinded
observers.

3.2.3.3. Open Field Test

Forty-eight hours after injury, locomotor and
exploratory behaviors were assessed in a 60 x 60 x 40
cm open field for 300 seconds using an automated

tracking system (EthoVision XT®, Noldus, Netherlands).
Total distance, velocity, and rearing frequency were
analyzed as indicators of locomotion and anxiety.

3.2.4. Liver Perfusion Method

Rats were anesthetized with ketamine (75 mg/kg) and
xylazine (15 mg/kg). The portal vein and inferior vena
cava were cannulated, while the bile duct and superior
vena cava were ligated. The liver was perfused with
freshly prepared Krebs-Henseleit buffer containing
tramadol and/or mirtazapine at controlled flow (10
mL/min) and temperature (25° C). Samples were
collected at specified intervals, centrifuged, and stored
at -70° C. Liver viability was verified by monitoring AST
and ALT levels spectrophotometrically, and
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inflammation was assessed via serum interleukin-6 (IL-
6) using a rat-specific ELISA kit. All biochemical analyses
were performed under blinded conditions.

3.2.5. Supplement Doses and Duration

The selected doses of melatonin (10 mg/kg) and
vitamin C (100 mg/kg) and the 28-day administration
period were based on prior preclinical studies
demonstrating antioxidative and neuroprotective
efficacy in traumatic brain injury (TBI) and hepatic
injury models (14). The 28-day treatment window
captured both acute/subacute dysfunction and recovery
phases of CYP2D6 activity (15, 16).

3.2.6. Chromatographic Conditions

Quantification of tramadol, mirtazapine, and their
metabolites was performed by HPLC with fluorescence
detection, following our previous validated protocols
(17, 18). Briefly, chromatographic separation used
Chromolith™ RP-18e or RP-8e columns, appropriate
methanol-water or phosphate buffer-acetonitrile
mobile phases, and detection wavelengths optimized
for each compound. Data were analyzed using
ChromGate software.

3.2.7. CYP2D6 Activity Assessment

CYP2D6 activity was estimated by calculating the
metabolic ratio (metabolite/parent drug) for tramadol
and mirtazapine. The average of the final three steady-
state sampling points during liver perfusion was used as
the representative metabolic ratio for statistical
comparisons.

3.2.8. Statistical Analysis

Sample size was determined a priori using G*Power
(effect size = 1.5, a = 0.05, power = 0.8), requiring a
minimum of 3 - 5 animals per group. Data are expressed
as mean + SD. Two-way ANOVA followed by Tukey’s post-
hoc test was used for group and time comparisons.

Unpaired t-tests were applied only for pre-specified,
independent pairwise comparisons (e.g., day-specific
control vs treatment), where data distributions were
confirmed normal and groups were independent. This
approach aligns with prior analytical frameworks for
similar preclinical designs and was limited to avoid
inflation of Type I error. All analyses were conducted
using GraphPad Prism 9.0, with significance set at P <
0.05.

Given the small sample size for
measurements (n = 3), all primary outcomes are

certain
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reported with 95% confidence intervals (CI) to indicate
the precision of estimated means. Post-hoc power
calculations were conducted to assess the likelihood of
detecting statistically significant differences given the
sample size; these results are interpreted with caution
in the discussion.

4. Results

4.1. Initial Index

Due to the requirement for the use of a protective cap
to prevent skull fractures and severe cranial injuries,
groups lacking such protective equipment were
excluded from the study. In the next phase, the target
animal population consisted of juveniles. Therefore,
based on epidemiological studies, juvenile rats
weighing between 180 and 210 grams — representing the
predominant weight range — were selected.

To optimize the selection, the NSS test was conducted
on the remaining five groups. The aim was to identify
groups with mild to moderate injury severity, defined by
a score range of 3 to 5, which serves as the threshold
between mild to moderate injury levels.

Ultimately, block 1 was selected as the preferred
group for continuation of the study. Additionally, a
rapid complementary test assessing time to right was
utilized to validate the data.

4.2. Behavioral Testing

4.2.1. Neurological Severity Score Test

In this study, the NSS was evaluated at 1 hour and 18
hours following mTBI induction. The results showed a
significant increase in NSS at 1 hour post-injury (4.07 +
0.593) compared to 18 hours post-injury (3.67 £ 0.488), as
determined by two-way ANOVA (factor A: Injury, factor B:
Time) followed by Tukey's post-hoc test [F(1,20) = 5.432, P
< 0.05 for time], with both time points demonstrating
significant differences from the control group (133 +
0.488, P < 0.05). Supplement therapy significantly
reduced NSS at both time points compared to non-
supplemented groups (3.20 + 0.414 vs. 3.67 + 0.488 at 1
hour, and 3.40 * 0.507 vs. 4.07 £ 0.594 at 18 hours, P <
0.05), as revealed by the significant interaction effect
[E(1, 20) = 8.765, P < 0.01] and post-hoc analysis. This
interaction corresponded to a large effect (partial n? =
0.44). Supplement-related reductions on days 3 and 7
showed medium effect sizes (Cohen’s d = 0.62 - 0.78).

These findings confirm the successful induction of
mTBI and suggest that supplement therapy may reduce
neurological deficits following mTBI (Figure 1A).

4.2.2. Beam Walk Test: Assessment of Motor Function Deficits
After Mild Traumatic Brain Injury

To evaluate motor coordination, balance, and fine
motor control following mTBI induction, the beam walk
test was conducted. Analysis of hind limb foot slips and
beam traversal time, performed 24 hours after mTBI,
revealed significant motor deficits in the mTBI group
compared to the control group. The average number of
hind limb foot slips was 7.60 + 1.24 in the mTBI group,
significantly higher than the control group’s 3.13 £ 0.92
(P < 0.001, unpaired t-test, t(14) = 9.123). Similarly, the
mean beam traversal time was significantly longer in
the mTBI group (19.9 + 2.04 s) compared to the control
group (9.00 + 0.92 s, P < 0.001, unpaired t-test, t(14) =
12.456). These results, indicating significant motor
coordination deficits and balance impairments in the
mTBI group compared to the control group, further
confirm the successful induction of mTBI (Figure 1B and
Q).

4.2.3. Open Field Test: Assessment of Locomotor Activity

The open field test, conducted two days after mTBI
induction, revealed significant reductions in locomotor
activity. The mTBI group traveled an average distance of
4.21 £ 0.41 m, compared to 9.93 £ 0.62 m for the control
group (P < 0.001, unpaired t-test, t(14) =15.789). Similarly,
travel speed was significantly lower in the mTBI group,
averaging 1.62 + 0.36 cm/s, in contrast to 4.80 + 0.28 cm/s
in the control group (P < 0.001, unpaired t-test, t(14) =
18.234). Rearing behavior also declined significantly,
with the mTBI group recording values of 3.6 + 1.0 on day
2 and 7.4 = 0.8 on day 7, compared to the control group’s
mean of 12.0 £ 1.4 (P < 0.001 for both days, two-way
ANOVA, main effect of injury F(1, 40) = 125.678, P <
0.0001). Notably, daily supplementation with vitamin C
and melatonin for two days significantly improved
locomotor outcomes in the mTBI group. The
supplemented group traveled an average distance of
7.76 £ 033 m, compared to 4.21 £ 0.41 m in the
unsupplemented mTBI group (P < 0.01, unpaired t-test,
t(10) = 7.891). Travel speed also increased in the
supplemented group to 3.74 £ 0.49 cm/s, compared to
1.62 + 0.36 cm/s in the unsupplemented group (P < 0.01,
unpaired t-test, t(10) = 8.543). Additionally, rearing
behavior improved significantly in the supplemented
group, reaching 8.8 + 0.8 compared to 3.6 *+ 1.0 in the
unsupplemented group (P < 0.01, unpaired t-test, t(10) =
6.789). These findings confirm the successful induction
of mTBI in the rats and highlight locomotor activity as
one of several indicators of neurological impairment.
Moreover, the results demonstrate that
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Figure 1. Graphical representation of different behavioral test results by sham and mild traumatic brain injury (mTBI) animals (n = 5, mean * SD): A, the average number of
neurological severity score (NSS); B, the average number of hind-leg foot-slips; C, the average traveled beam time; D, the average distance traveled; E, the average travel speed; F,

the number of learning/rearing (* P < 0.05 when compared to the control group).

supplementation with vitamin C and melatonin
significantly mitigates mTBIl-related neurological
damage, underscoring their potential therapeutic value
in post-TBI recovery (Figure 1D, E and F).

4.3. Interleukin-6 Post-Traumatic Changes in Interleukin-6
Levels and the Impact of Supplementation

Serum IL-6 levels were analyzed using two-way
ANOVA (factor A: Treatment, factor B: Time), which
revealed a significant interaction [F(1, 20) = 15.432, P <
0.001], indicating that the effect of supplementation
depended on the time point.

Three days post-trauma, IL-6 concentrations were
significantly higher in the trauma group compared to
the control group (53.95 *+ 7.59 pg/mL vs. 32.93 + 5.47
pg/mlL, P < 0.001, Tukey's post-hoc test). Three days of
supplementation significantly reduced IL-6 levels
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compared to the non-supplemented group (48.89 + 5.88
pg/mL vs. 53.95 £ 7.59 pg/mlL, P < 0.05); however, IL-6
levels remained significantly elevated compared to the
control group (48.89 + 5.88 pg/mL vs. 32.93 £ 5.47 pg/mL,
P < 0.01). Seven days post-mTBI, IL-6 levels in the trauma
group were not significantly different from those in the
control group (37.36 £ 3.15 pg/mL vs. 32.93 + 5.47 pg/mL, P
> 0.05). Notably, seven days of supplementation
significantly lowered IL-6 levels compared to the non-
supplemented group (32.36 + 4.39 pg/mL vs. 37.36 £ 3.15
pg/mL, P < 0.05), reaching levels comparable to those of
the control group (32.36 + 4.39 pg/mL vs. 32.93 + 5.47
pg/mL, P > 0.05). As no significant changes were
observed seven days posttrauma, no further
assessments were conducted on additional samples
(Figure 2A and B). The observed reductions in IL-6
following supplementation indicate attenuation of the
post-traumatic inflammatory response.
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Figure 2. Comparative levels of interleukin-6 (IL-6) in control and treatment groups at A, 5 days and B, 7 days post-trauma [n =5 per group, mean + 95% confidence intervals (CI)].
Statistical analysis was performed using one-way ANOVA followed by post hoc Tukey's test. Significant group differences were observed at both time points (P < 0.05). Effect sizes

were moderate to large (n? = 0.21 at day 5; n? = 0.27 at day 7), indicating a biologically meaningful elevation of IL-6 in mild traumatic brain injury (mTBI) groups compared with

controls. * P < 0.05, ** P < 0.01 versus control group

4.4. Liver Perfusion: Changes in Tramadol Metabolic Ratio
Following Mild Traumatic Brain Injury and the Effect of
Supplementation

Figure 3A - D illustrate the changes in the metabolic
ratio of tramadol over time across different
experimental groups. The metabolic ratio data for
tramadol were analyzed by two-way ANOVA (factor A:
Group, factor B: Time), which showed a significant
interaction [F(6, 84) = 45.123, P < 0.0001], allowing for
post-hoc analysis. The interaction showed a large effect
(partial n? = 0.76). Group differences on day 3
represented very large effects (Cohen’s d > 2.5),
consistent with marked suppression of CYP2D6
functional activity after mTBI. On day 3 post-trauma, the
average steady-state metabolic ratio of tramadol was
significantly lower in the trauma group (0.855 + 0.038)
compared to the control group (1.49 + 0.01, P < 0.0001,
Tukey's test). Importantly, on day 3, neither melatonin
supplementation (0.884 + 0.004, P > 0.05 vs. trauma)
nor combined melatonin/vitamin C supplementation
(0.918 + 0.007, P > 0.05 vs. trauma) resulted in a
statistically significant change in the metabolic ratio
compared to the non-supplemented trauma group. By
day 7, the metabolic ratio in the trauma group increased
significantly to an average of 1.22 + 0.013 compared to its
day 3 value (P < 0.001). By one month post-trauma, the
treatment group reached an average of 1.54 + 0.13. This
value, while statistically higher than that of the control
group (1.49  0.01, P < 0.05), should be interpreted with

caution regarding its biological significance, as the
absolute difference is small and the mechanism for this
potential enhancement is not fully elucidated in this
study. These changes in metabolic ratios suggest a
progressive partial restoration of CYP2D6 activity, likely
reflecting recovery from mTBl-induced hepatic
dysfunction.

4.5. Changes in Mirtazapine Metabolic Ratio Following Mild
Traumatic Brain Injury and the Effect of Supplementation

Figure 4A-D illustrate the changes in the metabolic
ratio of 8-OH to mirtazapine across experimental
groups. Data were analysed using two-way ANOVA
(factor A: Group, factor B: Time), which revealed a
significant interaction effect (F(x, y) = ..., P < 0.0001),
permitting post-hoc comparisons. On day 3 post-
trauma, the average steady-state metabolic ratio of 8-OH
to mirtazapine was significantly lower in the trauma
group (0.025 + 0.002) compared with the control group
(0.113 £ 0.008, P < 0.0001, Tukey’s test). Supplementation
with melatonin (0.035 £ 0.001) or melatonin/vitamin C
(0.053 + 0.005) resulted in significantly higher ratios
compared with the trauma group (P < 0.05 for both),
though still markedly reduced relative to controls (P <
0.001).

On day 7 post-trauma, the trauma group remained
significantly suppressed (0.038 + 0.009 vs. control 0.113
+ 0.008, P < 0.01). However, supplementation
significantly accelerated recovery, with both
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Figure 3. Mean metabolic ratio of 8-OH [+95% confidence intervals (CI)] at different time intervals in control and treatment groups following mild traumatic brain injury (mTBI).
Panels show 8-OH ratios at A, day 3; B, day 7; C, day 28 post-trauma (n = 3 per group); and D, illustrates the comparative trend of 8-OH metabolic ratios over 28 days. Statistical
analysis was performed using one-way ANOVA with Tukey’s post hoc comparisons. CYP2D6-dependent metabolism of mirtazapine (8-OH formation) was markedly suppressed at
day 3 (P <0.001,n?=0.38), showed partial recovery at day 7 (P < 0.01, n>= 0.29), and remained significantly lower than control at day 28 in non-supplemented groups (P < 0.05, 2
=0.22). Supplemented groups demonstrated accelerated metabolic recovery approaching baseline levels. * P < 0.05, **P < 0.01, *** P < 0.001 vs. control group

supplemented groups showing ratios approaching
baseline values (P < 0.05 vs. trauma).

By day 28, the metabolic ratio in the trauma group
partially recovered (0.097 % 0.039), showing no
significant difference from controls (P > 0.05).
Importantly, the supplemented groups demonstrated
further  improvement, with the combined
supplementation group reaching 0.42 + 0.013,
significantly higher than control values (P < 0.05).
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These findings suggest that mTBI induces a sustained
suppression of CYP2D6-mediated metabolism of
mirtazapine. Supplementation with melatonin and
vitamin C significantly accelerates enzymatic recovery
and may even enhance activity beyond baseline levels.

Effect sizes are provided alongside traditional
hypothesis tests to quantify the magnitude of mTBI-
induced impairments and the degree of recovery
following supplementation.
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Figure 4. Mean metabolic ratio of M1 [+95% confidence intervals (CI)] at different time intervals following mild traumatic brain injury (mTBI) in control and treatment groups (n
=3 per group). Panels show Mt ratios at A, day 3; B, day 7; C, day 28 post-trauma; and D, displays the comparative trend of M1 metabolic ratios over 28 days. Statistical analysis was
performed using one-way ANOVA followed by Tukey’s post hoc test. CYP2D6 activity, reflected by M1 metabolic ratio, was significantly reduced at day 3 in mTBI rats compared to

controls (P < 0.01, n? = 0.32), partially restored by day 7 (P < 0.05, n?= 0.24), and returned to or exceeded baseline levels by day 28 in supplemented groups (P < 0.05,n?=0.27). *P

<0.05,** P <0.01vs. control group

5. Discussion

Alterations in hepatic cytochrome P450 (CYP450)
activity following TBI represent a complex and dynamic
process influenced by inflammation, oxidative stress,
and systemic responses (12). Phenoconversion, a
transient shift from extensive to poor metabolizer
phenotype, can occur during such stress states,
complicating pharmacogenetic predictions (7, 19).

Although  drug-enzyme interactions are well
documented  (20), disease-induced  metabolic
disturbances, especially after mTBI, have received
limited attention.

Inflammatory cytokines such as TNF-a, IL-1, and IL-6
are key mediators of CYP regulation (13). Consistent with
prior evidence, our findings demonstrate that mTBI
transiently suppresses CYP2D6 activity, with gradual
recovery over time. This pattern parallels reports of
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cytokine-driven CYP downregulation in various
conditions including stroke and systemic infection (11,
21). Similar time-dependent hepatic enzyme alterations
were reported by Ma et al. and Wang et al., who observed
suppression of CYP isoforms following brain injury,
followed by partial recovery as inflammation subsided
(22,23).

Our results confirm that both tramadol and
mirtazapine metabolism were impaired during the
early post-injury phase, consistent with previous
observations of reduced CYP2D activity in experimental
and clinical TBI models (24, 25). The incomplete
metabolic recovery by day 28 suggests that mild brain
injury can induce persistent hepatic effects, potentially
influencing pharmacokinetics for weeks after trauma.
These findings align with reports of altered drug
clearance in patients with acute neurological insults
(26, 27).

Melatonin may enhance CYP2D6 recovery through
activation of the Nrf2-ARE pathway, reduction of
mitochondrial reactive oxygen species (ROS), and
stabilization of mitochondrial membrane potential, all
of which support the partial restoration of hepatic and
neural metabolic enzyme expression. Similarly, vitamin
C can reduce oxidative stress through regeneration of
intracellular glutathione and modulation of redox-
sensitive transcription factors (e.g., Nrf2, NF-B),
mechanisms that plausibly counteract mTBIl-induced
suppression of CYP2D6 (28, 29).

The observed improvement in metabolic ratios
following supplementation may reflect indirect
modulation of hepatic inflammation rather than a true
“stimulatory” effect on CYP expression. Therefore, these
outcomes should be interpreted as preliminary
indications of a potential supportive role for
antioxidant supplementation rather than conclusive
therapeutic effects (30). Translational extrapolation to
humans should remain cautious, as this was a
controlled preclinical study with limited sample size.

Overall, our findings reinforce that mTBI induces
phase-dependent and reversible suppression of CYP2D6-
mediated metabolism. Antioxidant co-treatment may
enhance recovery of enzymatic activity, possibly
through attenuation of inflammatory signalling. Future
studies should investigate cytokine profiles, oxidative
stress biomarkers, and broader CYP450 isoform activity
to elucidate mechanistic pathways. Longitudinal
pharmacokinetic analyses in clinical cohorts are
warranted to assess whether similar metabolic shifts
occur in human TBI and to guide individualized therapy
based on metabolic phase and inflammatory status (31).
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In addition to CYP2D6, several other CYP450 isoforms
have been shown to undergo functional alteration
following TBI. Experimental and clinical studies report
that CYP3A, CYP1A2, and CYP2E1 are similarly
downregulated in response to TBl-associated
neuroinflammation and oxidative stress, reflecting
shared regulation through redox-sensitive pathways
such as NF-xB, Nrf2 activation, and mitochondrial ROS
signalling. These observations indicate that the
modulation of CYP2D6 observed in the present model is
part of a broader pattern of post-injury dysregulation
within the CYP system. Situating the current findings
within this wider pharmacometabolic context
highlights the potential implications of mTBI for drug
metabolism and therapeutic response (32, 33).

Translational interpretation of these findings
requires caution, as the regulation of CYP2D enzymes
differs substantially between rodents and humans.
While humans predominantly rely on a single
functional CYP2D6 isoform, rodents express multiple
CYP2D subfamily members with partially overlapping
but non-identical catalytic profiles and regulatory
responses. Moreover, cytokine-mediated suppression
and oxidative-stress signalling pathways do not
uniformly affect these isoforms across species, resulting
in differences in the magnitude and direction of
enzymatic changes following injury. These interspecies
distinctions limit direct extrapolation of the present
results to human pharmacokinetics and emphasize the
need for complementary studies using human-derived
hepatocyte systems or in vivo clinical data.

5.1. Conclusions

In summary, this preclinical study demonstrates that
mTBI induces suppression of CYP2D6- and CYP3A-
mediated drug metabolism, elevates IL-6 levels, and
impairs locomotor and coordination functions in
juvenile rats. Supplementation with melatonin and
vitamin C partially restored these outcomes, indicating
potential therapeutic effects. These observed effects may
be mediated by the antioxidant and anti-inflammatory
properties of melatonin and vitamin C, possibly
involving modulation of mitochondrial ROS and
cytokine pathways; however, these mechanisms were
not directly measured in this study. Given the small
sample size and limitations inherent to the animal
model, the findings should be interpreted cautiously.
Further studies with larger cohorts, additional
biomarkers, and clinical validation are required to
confirm these mechanisms and assess their
translational relevance to human mTBI.
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