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Abstract. – OBJECTIVE: Doxorubicin (DXR) 
is commonly used as a drug for cancer treat-
ment. However, there have been reports of neu-
rotoxicity associated with chemotherapy. Galan-
tamine (GLN) is a medication that inhibits cho-
linesterase activity, providing relief from the 
neurotoxic effects commonly seen in individ-
uals with Alzheimer’s disease. This study ex-
plored the potential ameliorative effect of GLN 
on brain neurotoxicity induced by DXR. 

MATERIALS AND METHODS: Forty rats 
were allocated into four separate groups for 
a study that lasted for a period of fourteen 
days. The control group was given normal sa-
line, DXR group was given 5 mg/kg DXR ev-
ery three days (cumulative dose of 20 mg/
kg) through intraperitoneal injection. The GLN 
group was given 5 mg/kg GLN through oral ga-
vage daily, while the DXR+GLN group was giv-
en DXR+GLN simultaneously. An analysis of 
brain proteins using ELISA to assess apopto-
sis through the concentration of inflammation 
and oxidative injury markers. 

RESULTS: The DXR treatment led to increased 
neuroinflammation by elevation of nuclear fac-
tor kappa B (NF-κB), and cyclooxygenase-2 
(COX-2), oxidative stress by rise of malondial-
dehyde (MDA), and decline of superoxide dis-
mutase (SOD), and no changes in catalase and 
glutathione (GSH), cell death by elevation of Bax 
and caspase-3 and reduced Bcl-2, and increase 
lipid peroxidation, impaired mitochondrial func-
tion. When GLN is administered alongside DXR, 
it has been observed to positively impact var-
ious biological markers, including COX-2, NF-
κB, MDA, SOD, Bax, Bcl-2, and caspase-3 lev-
els. Additionally, GLN improves lipid peroxida-
tion and mitochondrial activity.

CONCLUSIONS: DXR therapy in rats results 
in the development of neurotoxicity, and a com-
bination of GLN can recover these toxicities, 
suggesting GLN promising evidence for mitigat-
ing the neurotoxic effects induced by DXR. 
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stress, Apoptosis.

Introduction

The prevalence of cancer has increased signifi-
cantly, making it a prominent cause of mortality 
worldwide1. Doxorubicin (DXR) is a commonly 
used drug for the treatment of various sorts of 
cancer, for example, breast, ovary, prostate, and 
thyroid cancer2. Some medications that can ac-
cess the blood-brain barrier have the potential 
to cause neurotoxicity, even if they do not cross 
the barrier3-5. Although DXR has a restricted 
capability to penetrate the blood-brain barrier, 
it can still cause substantial neurotoxicity and 
intellectual problems in patients of various age 
groups6. DXR disrupts the function of mitochon-
dria, leading to an overproduction of reactive 
oxygen species (ROS), which results in oxidative 
stress elevation and neuronal damage6,7. Additio-
nally, the concentration of Bax is increased, and 
Bcl-2 is reduced by DXR, resulting in mitochon-
drial dysfunction and apoptosis8. The effects of 
DXR include the activation of neuroinflammatory 
pathways, leading to increased levels of periphe-
ral interleukin-1beta (IL-1β), tumor necrosis fac-
tor-alpha (TNF-α), and IL-6. These inflammatory 
mediators have the capability to pass through the 
blood-brain barrier (BBB) and trigger neuroin-
flammation within the central nervous system9. 

Elevated concentrations of systemic inflamma-
tory cytokines, which are also connected to aging 
and neurodegeneration, contribute to the deve-
lopment of neurotoxicity10,11. It has been observed 
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that inflammation can negatively affect the BBB, 
yielding heightened oxidative stress and neuronal 
damage12. Changes in neuronal function that can 
affect cognitive function have been linked to ele-
vated concentrations of IL-1β, TNF-α, and IL-6, 
nuclear factor kappa B (NF-κB), and cyclooxyge-
nase-2 (COX-2)13,14. Furthermore, there is an ele-
vation in neuronal oxidative stress characterized 
by the heightened production of ROS, dropped 
concentrations of antioxidants like glutathione 
(GSH) and superoxide dismutase (SOD), and an 
elevation in malondialdehyde (MDA), an indica-
tor of lipid peroxidation14-16. These factors contri-
bute to the deterioration of cellular structure and 
function16. It has been observed that oxidative 
stress can have detrimental effects on the body, 
including speeding up the aging process, harming 
neurons, and making the brain more vulnerable 
to metabolic and synaptic disruptions associated 
with conditions like Alzheimer’s and Parkinson’s 
illnesses17. Uncontrolled oxidative stress can lead 
to a decrease in the levels of endogenous antioxi-
dants, for example, SOD and GSH, and an incre-
ase in MDA levels, which is reported in diseases 
associated with oxidative stress18.

Apoptosis is a fascinating biological phenome-
non in various processes such as development, 
aging, and injury19. External agents can also 
trigger apoptosis through the activation of death 
receptors20. During apoptosis, the cytoplasmic 
protein Bax becomes activated and binds to the 
outer mitochondrial membrane, which helps in 
the formation of pores21. These openings act 
as channels for the liberation of cytochrome 
C, which then activates caspase-3, initiating the 
process of apoptosis22. On the other hand, Bcl-2 
is a protein that works against apoptosis by coun-
teracting the actions of Bax, thereby reducing the 
evacuation of cytochrome c22. Thus, the balance 
between Bax and Bcl-2 expression is crucial for 
controlling apoptosis23. Furthermore, uncontrol-
led oxidative stress can lead to apoptosis, which 
is the primary mechanism behind neurotoxicity 
and subsequent neurodegeneration24.

Scientific research25 has demonstrated that the 
use of GLN in treatment has shown signifi-
cant improvements in diminishing inflammation, 
oxidative stress, and apoptosis in patients and 
experimental models with Alzheimer’s disease, 
leading to a decrease in neurotoxicity. Based 
on our previous investigation9, it was found that 
co-administering GLN can help alleviate the 
cognitive impairment caused by DXR. This is 
achieved by improving the performance of rats 

in behavioral tasks and reducing neuroinflamma-
tion through the decrease in IL-1β, TNF-α, and 
IL-6 concentrations and their gene encoding9,26. 
These findings are steady with another study27 
that demonstrated the potential of the acetylcho-
linesterase inhibitor donepezil to mitigate the 
neurotoxic effects of DXR therapy.

Despite the prevalence of neurotoxicity in can-
cer patients undergoing breast cancer treatment, 
there is still limited knowledge regarding the 
prevention of DXR therapy-induced side effects. 
This study examined the influence of DXR-indu-
ced neurotoxicity in female rodents, which can 
have a detrimental effect on the value of life for 
cancer survivors. Hence, it is quite fascinating to 
explore the potential effects of neurotoxicity on 
various aspects of brain health, such as neuroin-
flammation, oxidative stress, lipid peroxidation, 
impaired mitochondrial function, and apoptosis. 
This includes examining the concentrations of 
COX-2, MDA, SOD, GSH, Catalase, Bax, Bcl-2, 
and caspase-3, which are all factors that play an 
indispensable role in the degeneration of neu-
rons28,29. The findings could provide valuable 
insights for clinicians and researchers to enhance 
their understanding of the impact of DXR on 
the brain of cancer survivors. This includes its 
effects on neuroinflammation, oxidative stress, 
lipid peroxidation, impaired mitochondrial fun-
ction, and apoptosis. Additionally, the study hi-
ghlights the potential preventive benefits of GLN 
in rats undergoing DXR therapy.

 

Materials and Methods

Drugs
DXR was obtained from the EBEWE Phar-

ma Corporation, (Attersee, Austria). GLN was 
obtained from the Sigma-Aldrich Company 
(St. Louis, MO, USA).

Animals and Drug Administration
The animal house facilities at the well-known 

Pharmacy College, Qassim University, provided 
access to a group of forty female Wistar rats. These 
rats ranged in weight from 220-250 g and had rea-
ched the age of 12 weeks. The rats were kept in their 
own unique cages made of plastic and maintained 
in a laboratory environment that was carefully 
monitored and controlled. The environment had 
a light and dark cycle that lasted for 12 hours, and 
the temperature was adjusted to 25 degrees Celsius. 
The rodents were fed a regular meal and allowed 
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unrestricted access to a solution that was based on 
water. The rats were distributed into four batches: a 
control group, which received saline, and three tre-
atment groups, GLN, DXR, and DXR+GLN, each 
consisting of ten rats. The rats in the treated groups 
received an intraperitoneal injection of a total dose 
of 20 mg/kg of DXR, which was administered at 
a dosage of 5 mg/kg every three days for a period 
of 12 days (the total dose). The GLN group and the 
DXR+GLN group both received a daily oral gava-
ge dose of 5 mg/kg for the rats. GLN treatment 
began on the same day as DXR administration 
and continued every day thereafter.

Enzyme-Linked Immunosorbent Assays
After the last dose of medicine was given to 

the animals on day 14, they were euthanized via 
asphyxiation with carbon dioxide. The brains were 
removed from the animals in the control group as 
well as the treated groups (GLN, DXR, and DXR+-
GLN). Using a Q-Sonica Homogenizer (Qsonica 
L.L.C, Newtown, CT, USA), the brain was soni-
cated in Lysing Buffer known as Neuronal Lysing 
Buffer (N-PER), and then it was centrifuged for 
ten minutes at a speed of 12,000 x g. The super-
natant was transferred with extreme care into a 
container with a capacity of 200 uL for later usage. 
The bicinchoninic acid assay (Pierce, Waltham, 
MA, USA) was used to determine the amount of 
protein present in each of the samples. Utilizing 
enzyme-linked immunosorbent assay kits (ELISA) 
procured from a reputable supplier (MyBioSource), 
we measured the concentrations of a variety of 
components present in the samples, adhering to the 
instructions provided by the manufacturer30.

Complex I Activity of Mitochondria
The quantification of brain samples was perfor-

med using the Bradford method. The spectropho-
tometric assay at 340 nm was used to measure the 
mitochondrial capacity to oxidize NADH. The result 
was calculated by measuring the amount of NADH 
oxidized per milligram of protein and comparing 
the treatment to the control (saline) as a percentage31.

Assessment of Lipid Peroxidation
In accordance with the standard operating 

protocols for laboratories, the brain tissues were 
cleaned and then homogenized with lysis buffer 
(N-PERTM). After that, the bicinchoninic acid as-
say was utilized to determine the total content of 
protein in each and every sample, and this was done 
before the lipid peroxidation assay was carried out. 
A spectrophotometric technique that included the 

utilization of thiobarbituric acid was applied in the 
course of an analysis of the levels of lipid peroxi-
dation that were present in the sample. At a wave-
length of 532 nm, the origination of thiobarbituric 
acid-reactive substances (TBARS) was calculated, 
and this provided the basis for the calculation of 
the lipid peroxidation index. The measurement of 
TBARS was normalized to the total protein content. 
This led to the estimate of the amount of TBARS 
that were generated per milligram of protein31.

Statistical Analysis
The findings were run via the GraphPad Pri-

sm version 10.153 (Boston, MA, USA) so that a 
one-way analysis of variance could be achieved. 
The variables that were observed across all of the 
treatment groups were connected to the variables 
that were seen in the control group, and the resul-
ts of that relationship were then reported as me-
ans and standard errors of the means. A p-value < 
0.05 was considered statistically significant.

Results

Effect of GLN on DXR-Induced Oxidative 
Stress

After DXR treatment, the ELISA analysis exhi-
bited a substantial rise in MDA concentrations 
and a decrease in SOD in the rat brain in contrast 
to the saline group (p=0.05), but there were no 
substantial changes in the levels of catalase or 
GSH. However, administration of GLN in conjun-
ction with DXR was successful in mitigating the 
increase in MDA levels and bringing about an 
increase in SOD that was observed in the rats that 
had been treated with DXR (Figure 1A-D).

Effect of GLN Treatment on DXR-Induced 
Neuroinflammation 

ELISA testing revealed a considerable increase 
in the COX-2 and NF-κB concentrations in rat 
tissues extracted from the brain that had been 
treated with DXR in comparison to those in the 
control group; this influence was prevented by the 
concurrent administration of GLN (Figure 2A-B).

Effect of GLN Treatment on DXR-Induced 
Neuronal Apoptosis 

According to the results of an ELISA test, 
there was a discernible rise in Bax and caspa-
se-3 concentrations and a drop in Bcl-2 con-
centrations in DXR-treated rat brain tissues in 
comparison to that in the saline group; however, 
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the influence was mitigated by the concurrent 
administration of GLN (Figure 3A-C).

Effect of GLN Treatment on DXR-Induced 
Lipid Peroxidation and Mitochondrial 
Complex I Activity

ELISA testing revealed a significant increase 
in the amount of lipid peroxidation as well as a 
decline in the amount of mitochondrial complex I 
activity in DXR-treated rat brain tissues in com-
parison to those treated with saline; however, this 
impact was prevented by the concurrent admini-
stration of GLN (Figures 4 and 5).

 

Discussion

Extensive clinical and experimental studies32 
have demonstrated the potential for neurotoxi-
city associated with DXR. This study investi-
gated the effects of DXR-induced neurotoxicity 
and neuronal apoptosis, as well as the potential 
impact of GLN. This study has effectively de-
monstrated that the treatment with DXR leads 
to neuronal apoptosis by causing an increase in 

neuroinflammation, oxidative stress, lipid pe-
roxidation, and mitochondrial impairment. Ne-
vertheless, the concurrent use of GLN demon-
strated a mitigating effect against DXR therapy.

The use of chemotherapy has been found to 
trigger an inflammatory reaction, as indicated by 
former data showing augmented levels of TNF-α, 
IL-6, and IL-1β after DXR therapy30. These me-
diators can penetrate the BBB, prompting central 
inflammation, oxidative stress, and neurotoxici-
ty33. The increase in proinflammatory cytokines 
in the brain can disturb the permeability and 
structural stability of the BBB34. The existing 
exploration reveals an observed increase in MDA 
concentration and no significant changes in cata-
lase and GSH concentration in the brain tissues of 
rats exposed to DXR treatment correlated to the 
saline group. This indicates the occurrence of oxi-
dative stress, which can potentially harm cellular 
structures, lead to neurotoxicity, and contribute to 
the development of neurodegeneration. Thus, the 
MDA, catalase, SOD, and GSH levels were mea-
sured to evaluate oxidative stress in the rat brain 
after DXR therapy. The concentrations of MDA 
showed a statistically substantial increase and 

Figure 1. Investigating the impact of DXR and GLN on MDA, SOD, catalase, and GSH concentrations (A-D). 
The DXR administration at a dosage of 20 mg/kg through i.p. resulted in an elevation of MDA levels in the rat 
brain. Additionally, it led to a decrease in SOD levels, while having no impact on catalase and GSH levels. The 
concentrations of MDA, SOD, catalase, and GSH concentrations comparable to that in the saline were not altered 
by GLN treatment. The co-administration of GLN effectively prevented the increase in MDA levels and promoted 
the increase in SOD levels induced by DXR treatment in a group of 7 rats. (* p<0.05, ** p<0.01, and # p<0.05 were 
detected in comparison to the rat saline group and DXR, respectively (utilizing one-way ANOVA test).
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Figure 2. DXR and GLN impact on the COX-2 and NF-κB concentrations (A-B). When compared to the 
rats given saline instead of DXR, the rats given DXR had higher levels of COX-2 and NF-κB expression 
after receiving an intraperitoneal injection of 20 mg/kg of DXR. However, treatment with GLN on its own 
did not provide the same results. Co-administration of GLN reduced an increase in COX-2 and NF-κB 
levels that would have been caused by treatment with DXR (n = 7). ** p<0.01 and *** p<0.01 comparable 
with the saline utilizing (a one-way ANOVA test). (# p<0.05) DXR+ GLN related to the rats in DXR.

Figure 3. DXR and GLN impact on the Bax, Bcl-2, and caspase-3 concentrations (A-C) The Bax and 
caspase-3 concentrations were augmented, and Bcl-2 was dropped in rats comparable with DXR (20 
mg/kg, intraperitoneal injection), related to the saline group. However, GLN treatment did not have 
the same effect. The GLN co-administration was found to prevent the increase in Bax, Bcl-2, and 
caspase-3 concentrations, which were induced by DXR treatment alone. (n=7). * p<0.05 comparable 
with the saline utilizing (a one-way ANOVA test). (# p<0.05) DXR+ GLN related to the rats in DXR.
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substantial decrease in SOD compared to the sa-
line group. At the same time, the DXR treatment 
did not cause any noticeable changes in the cata-
lase and GSH concentrations. Thus, these findings 
indicate that the rise in oxidative stress detected 
in rats undergoing DXR treatment may contribute 

to the development of neurotoxicity. According 
to the information found in various sources, it 
has been observed that GLN displays antioxidant 
properties. The results of this study suggest that 
when GLN and DXR are given together, they can 
help reduce the harmful effects on the central ner-

Figure 4. DXR and GLN impact on lipid peroxidation and complex I of mitochondrial function (A-B) The concentration of 
lipid peroxidation was elevated, and complex I activity was dropped by DXR curative (20 mg/kg, i.p.) compared to the saline 
group. However, GLN administration did not have any effect. The co-administration of GLN prevented the increase in lipid 
peroxidation and increased mitochondrial function triggered by DXR treatment (n=7). * p<0.05 comparable with the saline 
utilizing (a one-way ANOVA test). (# p<0.05) DXR+GLN comparable to the rats in DXR.

Figure 5. Diagrammatic representation of the process by which GLN mitigates DXR-induced neurotoxicity.
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vous system. The observed enhancement can be 
credited to the successful refurbishment of MDA 
and SOD concentrations in the brains of rats. As 
observed in this study, the protective effects of 
GLN align with previously documented findings.

To evaluate the effects of DXR on oxidative 
stress in the brain of rats, the quantities of MDA, 
SOD, catalase, and GSH were measured after 
the drug was administered35,36. The result indi-
cated that there was a substantial increase in the 
amount of MDA and reduced in SOD concen-
tration found in the brain samples when corre-
lated to the saline group. Despite this, the DXR 
therapy did not produce any discernible changes 
in the amounts of catalase or GSH that were 
present. The rise mentioned above in oxidative 
stress, which was seen in rats that were given 
the DXR treatment, appears to have been related 
to a contemporaneous rise in neuroinflammation 
by a rise in the countenance concentrations of 
NF-κB and COX-2, which precipitated neuronal 
degradation. Accordingly, these data suggest 
that this association may cause neurotoxicity. 
According to the available literature, there is 
evidence to recommend that GLN possesses 
antioxidant and anti-inflammatory properties. 
According to the results of this study, the neu-
rotoxicity was prevented when GLN and DXR 
were given concurrently by reducing oxidative 
stress and neuroinflammation. This attenuating 
effect is thought to be caused by the refurbish-
ment of MDA, SOD, NF-κB, and COX-2 concen-
trations in the brains of rats. The findings of this 
investigation, which demonstrated the protective 
benefits of GLN, are consistent with results that 
have been described in earlier studies27,37.

Apoptosis can be triggered by oxidative 
injury and neuroinflammation38. The levels and 
activity of Bax, caspase-3, and Bcl-2 serve a 
vital role in maintaining cellular function and 
triggering apoptosis processes21. Excessive Bax 
expression leads to harm to the mitochondrial 
membrane, leading to the liberation of cyto-
chrome C from the mitochondria and subse-
quent triggering of caspase-322. Indeed, it is 
noteworthy that neurodegenerative illnesses, 
including Alzheimer’s and Parkinson’s, have 
been linked to elevated Bax and caspase-3 pro-
tein expression39. In addition, studies40,41 have 
shown that DXR treatment exerts its effect by 
modifying mitochondrial function, advancing 
to an overproduction of Bax and the activation 
of caspase-3, ultimately triggering apoptosis. 
The current study revealed an increase in the 

concentrations of Bax and caspase-3 expression 
after DXR administration. These findings indi-
cate that the treatment with DXR can lead to 
neurotoxicity, resulting in neurodegeneration. 
Nevertheless, the simultaneous use of GLN 
showed a suppressive impact on the increased 
levels of Bax and caspase-3, and an improve-
ment in Bcl-2 levels caused by DXR. These fin-
dings indicate that GLN protects against brain 
neurotoxicity caused by DXR in rats.

This study has both notable strengths and 
limitations. This study represents an innovative 
contribution to our understanding of the impact 
of DXR on neurotoxicity. To reduce the poten-
tial for bias, all of the animals utilized in this 
probe were of equivalent strain and age, and all 
of the experiments were performed at the same 
time. The rodents selected for the study were 
cancer-free, allowing for a focused assessment 
of the direct effects of DXR therapy while 
minimizing any potential confounding factors 
related to malignancy. Multiple doses are given 
to animal subjects to mimic the dosing regimen 
seen in human subjects. Further investigation 
may delve into different amounts of DXR and 
GLN, as well as other mechanisms pertaining 
to neurotoxicity. This could offer valuable in-
sights for practitioners and researchers seeking 
effective treatments for chemotherapy-induced 
neurotoxicity.

Conclusions

The results confirmed the theory that DXR 
triggers neurotoxicity through the activation of 
neuroinflammation, oxidative damage, and neu-
ronal apoptosis. In addition, the study examined 
markers related to neuroinflammation, oxidative 
stress, and apoptosis in order to well comprehend 
the fundamental mechanism of neurotoxicity. 
The findings indicated that DXR triggers oxidati-
ve stress and inflammatory mediators, leading to 
a rise in MDA, COX-2, and the concentrations of 
Bax and caspase-3 biomarkers of pro-apoptotic 
and inhibition in Bcl-2 anti-apoptotic protein. 
Additionally, it causes mitochondrial injury and 
lipid peroxidation, resulting in the development 
of neurotoxicity. The observed effects of DXR 
were successfully suppressed when GLN was 
administered at the same time, suggesting that 
GLN shows promise as a potential therapeutic 
option for reducing neurotoxicity caused by DXR 
therapy.
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