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ABSTRACT

Background: In medicine, ionizing radiation can damage cells by generating free
radicals, harming healthy tissues during radiotherapy. Radioprotectors help mitigate this
damage, but current options often have low efficacy, high cost, or side effects.

Objective: This study aimed to investigate a-Tocotrienol, a vitamin E isomer with
antioxidant and anti-cancer properties, as a potential radioprotector for brain radiotherapy
patients and radiation workers. While its protective effects on normal brain tissue are
promising, its potential impact on tumor cells remains a critical consideration for future
studies.

Material and Methods: This randomized controlled experimental animal
study was conducted on healthy male Wistar rats maintained under standardized labo-
ratory conditions. The animals were randomly divided into groups and pretreated with
a-Tocotrienol prior to localized brain irradiation. Following irradiation, brain tissues
were harvested and evaluated for histopathological alterations and biochemical markers
of oxidative stress.

Results: Pretreated rats with a-Tocotrienol showed fewer nerve cell injuries com-
pared to untreated irradiated rats. Biochemically, irradiated rats had increased malo-
ndialdehyde (oxidative stress marker) and decreased antioxidant enzymes (superoxide
dismutase, catalase, glutathione peroxidase), while a-Tocotrienol-treated rats maintained
higher enzyme activity.

Conclusion: a-Tocotrienol enhances radiation resistance by boosting antioxidant de-
fenses and reducing neuronal damage. However, given the possibility of parallel protec-
tion of tumor cells, its clinical translation requires careful evaluation and optimization.
Further studies are needed to determine selective dosing strategies and timing that maxi-
mize neuroprotection without compromising tumor control.
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Introduction
ancer serves as a crucial health issue worldwide, leading to a
cause of death in developed countries and the second leading
cause in developing countries [1]. Cancer treatment remains a
major challenge for scientists and clinicians, and therapeutic strategies
depend on the type and stage of cancer as well as the patient’s overall
health. Among the various treatment modalities, radiotherapy is one of
the main approaches [2].
Radiotherapy involves the use of ionizing radiation, such as X-rays,
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delivered externally through specialized de-
vices or internally through radiolabeled drugs.
This method works by damaging the DNA of
targeted cells within the treatment field, there-
by preventing their ability to grow and divide
[3]. The goal of radiotherapy is to eradicate as
many tumor cells as possible while minimiz-
ing injury to the surrounding normal tissues
[4].

Side effects of radiotherapy vary depending
on the patient’s health status, cancer type, tu-
mor location, radiation dose, and duration of
treatment [5]. Some patients may experience
no adverse effects, whereas others may de-
velop acute side effects during or shortly after
treatment, or late complications that can appear
later. These side effects typically peak within
two weeks after completion of radiotherapy
but may persist long-term, significantly affect-
ing quality of life [6]. Careful treatment plan-
ning can reduce, but not fully eliminate, the
risk of late complications [7].

A major challenge in brain tumor radiother-
apy is protecting normal brain tissue adjacent
to the tumor. This often limits the maximum
deliverable radiation dose, yet some degree of
collateral damage is still inevitable [8]. One
promising strategy to address this limitation is
the use of radioprotective agents, or radiopro-
tectors to selectively safeguard healthy tissue
from radiation-induced injury [9].

Radioprotectors are compounds designed to
reduce radiation-induced damage in normal
tissues. Most radioprotectors are antioxidants
and must be present before or at the time of
radiation exposure for the effectiveness [10].
For a radioprotector to be clinically useful, it
should possess several key properties: (i) se-
lectivity in protecting normal tissues without
shielding tumor cells, (ii) ease of administra-
tion with minimal toxicity, and (iii) the ability
to protect radiation-sensitive tissues to limit
both acute and late toxicities, thereby prevent-
ing long-term complications, such as muco-
sitis, pneumonitis, myelopathy, xerostomia,
proctitis, and leukoencephalopathy, which can

significantly impair quality of life 11, 12].

Among candidate agents, a-Tocotrienol has
attracted considerable interest. It is the prima-
ry form of vitamin E in the endosperm of most
monocotyledons, including staple cereals such
as wheat, rice, and barley. Palm oil is also a
rich source of tocotrienols [13]. a-Tocotrienol
is a fat-soluble vitamin E isomer with strong
antioxidant activity in lipoproteins and unsatu-
rated fatty acids, primarily through scavenging
free radicals [14]. Beyond its potent antioxi-
dant capacity, a-Tocotrienol has demonstrated
anticancer properties [15]. These characteris-
tics have led to growing interest in its potential
application as a radioprotective agent [16, 17].
However, an important clinical concern is that
radioprotectors may not always distinguish
between healthy and malignant cells; thus, any
protective effect on tumor tissue could poten-
tially compromise the therapeutic efficacy of
radiotherapy. This dual effect underscores the
need for careful evaluation of a-Tocotrienol in
both preclinical and clinical settings.

Material and Methods

This randomized controlled experimental
animal study evaluated the radioprotective
efficacy of a-Tocotrienol against radiation-
induced brain injury in rats. Forty-two male
Wistar rats weighing 200-250 g and aged
7-8 weeks were obtained from the Labora-
tory Animal Center of Hamadan University
of Medical Sciences (Hamadan, Iran). After
quarantine and environmental acclimatization,
animals were housed in identical polycarbon-
ate cages with standard food and living condi-
tions (12-h light/dark cycle, temperature 2242
°C, relative humidity 50-60%). Rats were ran-
domly divided into six groups (n=7 each), as
follows: control (no irradiation, no treatment);
a-Tocotrienol only (no irradiation); irradiated,
untreated (sacrificed at 24 h); irradiated, treat-
ed with a-Tocotrienol (sacrificed at 24 h); irra-
diated, untreated (sacrificed at 1 week); and ir-
radiated, treated with a-Tocotrienol (sacrificed
at 1 week).
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Treatment and Irradiation

The a-Tocotrienol was obtained from Azmi-
ran Company (Tehran, Iran) and administered
orally at 60 mg/kg/day for 12 weeks, based on
previous studies [18,19]. Irradiation was per-
formed at Mahdia Radiotherapy and Imaging
Center (Hamadan, Iran) using a 6-MV linear
accelerator at a dose rate of 300 cGy/min. A
single localized dose of 20 Gy was delivered
under anesthesia.

Biochemical and histopathological
methods

1. Tissue sampling

At the designated time points, rats were
anesthetized with ketamine and xylazine.
The brain was rapidly excised; four samples
per group were frozen in liquid nitrogen and
stored at —80 °C for biochemical assays, while
three samples were fixed in 10% formalin for
histopathological analysis.

2. Biochemical assays

Commercial kits (Kiazist, Hamadan, Iran)
were used to measure Malondialdehyde
(MDA), Superoxide Dismutase (SOD), Cat-
alase (CAT), and Glutathione Peroxidase
(GPX) activity according to the manufactur-
er’s protocols. Enzyme activities were nor-
malized to protein content (Bradford method)
and expressed as mU/mg protein.

3. Histopathology

Formalin-fixed tissues were embedded in
paraffin, sectioned at a thickness of 5 pm, and
stained using Hematoxylin and Eosin (H&E)
and Nissl staining methods. Microscopic
evaluation was focused on the dentate gyrus
and hippocampal horn regions. Pathological
alterations, including vasodilation, necrosis,
edema, and neuronal degeneration, were as-
sessed using a Nikon light microscope (Ger-
many) equipped with a Samsung SCB-200P
camera (Korea).

Data analysis
Data were analyzed using SPSS version 24.
One-way ANOVA followed by Tukey’s post

hoc test was applied. Variability in the bio-
chemical assays and histopathological find-
ings was assessed to ensure that observed
differences reflected consistent treatment ef-
fects rather than natural biological variation.
Interpretation of statistical differences also
considered clinical relevance, emphasizing
outcomes that are meaningful in the context of
neuroprotection and potential translational ap-
plication. Results are presented as mean£SD,
and P<0.05 was considered statistically signif-
icant. Graphs were generated using GraphPad
Prism version 7.0 (San Diego, USA).

Results

Lipid measurement
results

The levels of MDA, an indicator of lipid per-
oxidation, are presented in Figure 1. A signifi-
cant increase in MDA was observed in irradi-
ated groups compared with controls (P<0.01).

At 24 h post-irradiation, MDA levels were
7.148+0.618 nmol/mg protein in the irradiated
group (Group 3) and 5.604+0.596 nmol/mg
protein in the irradiated + a-Tocotrienol group
(Group 4), showing a significant reduction
with a-Tocotrienol treatment (P<0.05).

Similarly, at one-week post-irradiation,
MDA levels were significantly lower in
the o-Tocotrienol-treated rats (Group 6:
8.655+0.687 nmol/mg protein) compared
with untreated irradiated rats (Group 5:
10.633+0.630 nmol/mg protein) (P<0.05).

peroxidation

Superoxidase dismutase
measurement results
Figure 2 illustrates a pronounced decline
in Superoxide Dismutase (SOD) activity fol-
lowing irradiation compared with control
groups (P<0.01). At 24 h, SOD activity mea-
sured 7.708+0.678 nmol/mg protein in irra-
diated rats (Group 3), whereas a-Tocotrienol
treatment significantly elevated the activity
to 9.55340.595 nmol/mg protein (Group 4,
P<0.05). At one-week post-irradiation, enzyme

activity
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Figure 1: Malondialdehyde (MDA) levels
across experimental groups. Groups: Control
(non-irradiated, distilled water), Control+a
(a-Tocotrienol without irradiation), Rad24h
(irradiated, sampled at 24 h), Rad+a24h
(irradiated + o-Tocotrienol, sampled at 24
h), Rad7d (irradiated, sampled at 1 week),
and Rad+a7d (irradiated + a-Tocotrienol,
sampled at 1 week). Significant differences:
#P<0.001 versus Control, *P<0.05 versus
Rad24h, **P<0.05 versus Rad7d.

nmol/mg protein

activity remained depressed in untreated rats
(Group 5: 3.659+0.784 nmol/mg protein) but
was significantly higher in the a-Tocotrienol—
treated group (Group 6: 6.263+0.595 nmol/mg
protein, P<0.05).
Catalase measurement
results

As shown in Figure 3, irradiation significant-
ly reduced Catalase (CAT) activity compared
with controls (P<0.01). At 24 h post-irradi-
ation, CAT activity was 5.808+0.683 nmol/
mg protein in the irradiated group (Group
3) and 7.370+£0.613 nmol/mg protein in the
a-Tocotrienol-treated group (Group 4), indi-
cating a significant increase with treatment
(P<0.05). Similarly, at one-week post-irradi-
ation, CAT activity was significantly higher
in the treated group (Group 6: 4.403+0.682
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Figure 2: Superoxide Dismutase (SOD)
activity across experimental groups. Groups:
Control (non-irradiated, distilled water),
Control+a (a-Tocotrienol only), Rad24h
(irradiated, sampled at 24 h), Rad+a24h
(irradiated + o-Tocotrienol, sampled at 24
h), Rad7d (irradiated, sampled at 1 week),
and Rad+a7d (irradiated + a-Tocotrienol,
sampled at 1 week). Significant differences:
#P<0.001 versus Control; *P<0.05 versus
Rad24h; **P<0.05 versus Rad7d

nmol/mg protein) compared with the untreated
irradiated group (Group 5: 2.139+0.642 nmol/
mg protein) (P<0.05).

Glutathione peroxidase
measurement results
According to Figure 4, irradiation signifi-
cantly reduced glutathione peroxidase (GPx)
activity compared with controls (P<0.01). At
24 h post-exposure, GPx activity in irradi-
ated rats (Group 3) was 5.960+0.616 nmol/
mg protein, whereas a-Tocotrienol treatment
significantly enhanced the activity (Group
4: 7.539+0.508 nmol/mg protein, P<0.05).
Similarly, at one week, GPx activity remained
lower in untreated irradiated rats (Group 5:
2.867+£0.599 nmol/mg protein) but was sig-
nificantly improved in the o-Tocotrienol—
treated group (Group 6: 4.421+0.651 nmol/mg

activity
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Figure 3: Catalase (CAT) activity across
experimental groups. Groups: Control
(non-irradiated, distilled water), Control+a
(a-Tocotrienol only), Rad24h (irradiated,
sampled at 24 h), Rad+o24h (irradiated
+ a-Tocotrienol, sampled at 24 h), Rad7d
(irradiated, sampled at 1 week), and Rad+a7d
(irradiated + a-Tocotrienol, sampled at 1
week). Significant differences: #P<0.001
versus Control; *P<0.05 versus Rad24h;
**P<0.05 versus Rad7d.

protein, P<0.05).

Histopathological Results of Brain
Tissue

Histopathological evaluation revealed clear
evidence of radiation-induced neuronal injury
as well as protective effects of a-Tocotrienol.

In the cerebral cortex (Figure 5; Panels C and
E), irradiated rats displayed marked neuronal
degeneration, including shrunken, pyknotic,
and hyperchromatic nuclei, particularly within
the granular and molecular layers. Pyramidal
neurons were more severely affected than oth-
er neuronal types, showing chromatolysis and
disrupted Nissl granule distribution. However,
vascular dilation and microglial aggregation
were not observed.

Quantitative analysis of the hippocampus
(Figure 6) confirmed a significant reduction
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Figure 4: Glutathione peroxidase (GPx)
activity across experimental groups. Groups:
Control (non-irradiated, distilled water),
Control+a (a-Tocotrienol only), Rad24h
(irradiated, sampled at 24 h), Rad+a24h
(irradiated + a-Tocotrienol, sampled at 24
h), Rad7d (irradiated, sampled at 1 week),
and Rad+a7d (irradiated + a-Tocotrienol,
sampled at 1 week). Significant differences:
#P<0.001 versus Control; *P<0.05 versus
Rad24h; **P<0.05 versus Rad7d

in healthy pyramidal cell density in the CAl
region of irradiated groups compared with
controls (P<0.05). These degenerative chang-
es were more pronounced at one-week post-
irradiation (Panel E) than at 24 h (Panel C).

By contrast, a-Tocotrienol treatment pre-
served near-normal cortical architecture.
Treated rats (Panels B and F) exhibited neurons
with large central nuclei, distinct nucleoli, and
normal Nissl granule distribution, closely re-
sembling controls (Panel A). In the hippocam-
pus, a-Tocotrienol markedly attenuated py-
ramidal cell death and degenerative changes,
with greater neuroprotection observed at one
week (Panel F) compared with 24 h (Panel D).
In addition, a-Tocotrienol reduced neuronal
loss in both the granular and molecular layers,
highlighting its broad cytoprotective effect
against radiation-induced brain injury.
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Figure 5: Hematoxylin and Eosin (H&E)
staining of cortical tissue (40x magnification)
across experimental groups: (A) Healthy con-
trol (untreated), (B) Control + a-Tocotrienol
(no irradiation), (C) Irradiated (24 h post-
exposure), (D) Irradiated + a-Tocotrienol (24
h post-exposure), (E) Irradiated (1-week post-
exposure), and (F) Irradiated + a-Tocotrienol
(1-week post-exposure).

Histopathological analysis of the brain tis-
sue, particularly in the hippocampus and ce-
rebral cortex, supports the hypothesis that
a-Tocotrienol protects against radiation-in-
duced neuronal damage. The preservation of
neuronal integrity, including improved Nissl
granule distribution and reduced neuronal de-
generation, indicates its potential as a neuro-
protective agent.

Discussion

Radiation therapy is an essential modality
in cancer management; however, irradiation
of normal brain tissue remains a major clini-

cal concern due to its association with cogni-
tive impairment, sensory dysfunction, and re-
duced quality of life [20]. Radiation-induced
brain injury is primarily mediated by oxidative
stress and progressive neuronal damage, par-
ticularly within radiosensitive regions such as
the hippocampus [21].

Several radioprotective agents have been
investigated to reduce these adverse effects.
Amifostine, the first clinically approved radio-
protector, has demonstrated broad protective
efficacy; however, its clinical application is
limited by toxicity and unfavorable side-effect
profiles [22]. Alternative protective strategies
using agents, such as melatonin, glutamine,
and octreotide have been explored, but their
effectiveness remains inconsistent and largely
preclinical [23].

In recent years, vitamin E isoforms, par-
ticularly tocotrienols, have gained attention
as promising radiation countermeasures [24].
Among these, o-tocotrienol exhibits potent
antioxidant and anti-inflammatory properties
with a favorable safety profile. In contrast, se-
lenium-based radioprotective compounds may
induce redox imbalance and organ toxicity at
higher doses, limiting their clinical utility [25].

The present findings demonstrate that
a-tocotrienol significantly attenuates radia-
tion-induced oxidative stress, as evidenced
by decreased levels of malondialdehyde, a
widely accepted marker of lipid peroxidation
[26]. This effect is accompanied by restoration
of key antioxidant enzymes, including super-
oxide dismutase and glutathione peroxidase,
which play central roles in cellular defense
against radiation-induced oxidative injury
[27,28]. Quantitative analysis revealed a 20—
53.5% recovery of antioxidant enzyme activ-
ity and an 18-51% reduction in lipid peroxi-
dation compared with irradiated controls, with
protective effects persisting up to one-week
post-irradiation.

Histopathological findings further support
the neuroprotective role of a-tocotrienol.
Preservation of pyramidal neurons, reduced

J Biomed Phys Eng
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Figure 6: Cresyl violet staining of the hippocampal CA1 region (400x magnification) across
experimental groups: (A) Healthy control (untreated), (B) Control + a-Tocotrienol (no irradia-
tion), (C) Irradiated (24 h post-exposure), (D) Irradiated + a-Tocotrienol (24 h post-exposure), (E)
Irradiated (1-week post-exposure), and (F) Irradiated + a-Tocotrienol (1-week post-exposure).
Black arrows indicate healthy neurons; orange arrows mark degenerated (dark) neurons.

CA1 hippocampal damage, maintenance of
Nissl granule distribution, and a decrease in
pyknotic nuclei collectively indicate attenua-
tion of progressive radiation-induced neuronal
injury. Comparable tissue-protective effects
of tocotrienols have been reported in cochlear
structures exposed to ionizing radiation [29]
and in hematopoietic progenitor cells [30].
Mechanistically, tocotrienol-mediated radio-
protection has been linked to modulation of
intracellular signaling pathways involved in
oxidative stress regulation and cell survival,
including ERK/mTOR and Nrf2-related anti-
oxidant responses [17]. Taken together, these
findings suggest that a-tocotrienol represents
a promising radioprotective agent with po-
tential translational relevance for mitigating
radiation-induced brain injury. Nevertheless,
further dose-response studies and detailed
molecular pathway analyses are required
before its integration into routine clinical

radiotherapy protocols can be fully realized
[31].

Importantly, the protective effect of
a-Tocotrienol on normal brain tissue observed
in this study highlights its potential clinical
value for minimizing radiotherapy-induced
neuronal damage. Nevertheless, the impact on
tumor cells remains uncertain. In clinical set-
tings, any radioprotection extended to malig-
nant cells could compromise the tumoricidal
efficacy of radiotherapy, particularly in brain
tumors. Therefore, it is critical to investigate
whether a-Tocotrienol selectively shields
normal tissue while sparing neoplastic cells.
Future studies in tumor-bearing models are
essential to establish dosing strategies and
timing that optimize neuroprotection without
undermining therapeutic outcomes.

Future  studies  should focus on
a-Tocotrienol’s effects in tumor-bearing ani-
mal models to assess its ability to selectively
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protect normal tissues without affecting tumor
cells. Additionally, clinical trials incorporating
dose-escalation studies and pharmacokinetic
analyses of a-Tocotrienol will be essential to
refine its therapeutic application and optimize
dosing strategies.

Nevertheless, an important clinical limita-
tion must be acknowledged. Radioprotectors
may lack strict selectivity and thus protect
both healthy and malignant cells simultane-
ously, which could reduce the tumoricidal ef-
ficacy of radiotherapy. This concern is particu-
larly relevant in brain tumors, where sparing
neoplastic cells may compromise therapeutic
outcomes. Although the present data under-
score a-Tocotrienol’s robust protective capac-
ity in normal brain tissue, further investiga-
tions are required in tumor-bearing models
to determine whether these protective effects
extend to malignant cells. Only by establish-
ing selective protection of normal tissues can
a-Tocotrienol be considered a safe and viable
clinical adjunct to radiotherapy.

A limitation of this study is that it focuses
solely on irradiated normal brain tissue, with
no evaluation of tumor-bearing models. While
the results suggest a-Tocotrienol’s potential
as a radioprotector, its effects on tumor cells
and its selective protective capacity require
further investigation in preclinical and clinical
settings. Additionally, the safety and efficacy
of long-term a-Tocotrienol use at therapeutic
doses need to be explored.

Conclusion

Despite extensive research on radioprotec-
tive agents for brain tissue, including com-
pounds such as melatonin and amifostine,
their high cost and significant toxicity under-
score the need for safer and more effective
alternatives. a-Tocotrienol, a potent vitamin
E derivative, has emerged as a promising
candidate due to its strong antioxidant capac-
ity, neuroprotective properties, and favorable
safety profile. The present study demonstrates
that o-Tocotrienol significantly mitigates

radiation-induced brain injury, as shown by
preserved neuronal architecture and reduced
oxidative stress markers. These findings sug-
gest its potential as a neuroprotective adjunct
during radiotherapy, providing both biochemi-
cal and structural protection.

While a-Tocotrienol shows substantial prom-
ise for protecting normal brain tissue, its clini-
cal translation requires careful consideration
of potential tumor protection. Further studies
are needed to evaluate selective protection in
tumor-bearing models, optimize dosing sched-
ules, and elucidate molecular mechanisms
such as Nrf2 activation and anti-inflammatory
pathways. Establishing selective protection of
normal tissues will be pivotal for safely inte-
grating a-Tocotrienol into clinical radiothera-
py protocols and ultimately improving patient
outcomes and quality of life.

However, it is important to acknowledge
that radioprotectors may also shield malignant
cells, potentially compromising the therapeu-
tic efficacy of radiotherapy. Therefore, while
a-Tocotrienol shows substantial promise for
protecting normal brain tissue, further stud-
ies are required to evaluate its selectivity in
tumor-bearing models, optimize dosing strat-
egies, and clarify its molecular mechanisms
(e.g., Nrf2 activation and anti-inflammatory
pathways). Establishing selective protection
of normal tissue will be critical for translating
a-Tocotrienol into clinical practice and ulti-
mately improving patient quality of life.
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