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Abstract. – OBJECTIVE: Protein tyrosine ki-
nases (TKs) play a critical role in the regulation 
of various functions of a cell, including cellular 
proliferation, differentiation, and growth, and in-
hibitors of TKs have emerged as next-genera-
tion therapeutic agents in various types of can-
cer. Nilotinib, one of the TK inhibitors used to 
treat chronic myeloid leukemia, has been poor-
ly investigated for its potential impact on memo-
ry function despite its ability to cross the blood-
brain barrier (BBB). Thus, in this study, we in-
vestigated the effect of nilotinib on hippocam-
pal-dependent cognitive functions and its po-
tential mechanisms.

MATERIALS AND METHODS: Wistar albino 
male rats were divided into three groups of 10 
each. The animals of group I (normal control) re-
ceived drinking water only, while groups II and III 
were treated with nilotinib at doses of 15 mg/kg 
and 30 mg/kg, p.o. respectively, once daily for 
two weeks. The animals were subjected to be-
havioral tests after completion of drug treatment 
for the assessment of cognitive function using 
the Y-maze, novel object recognition (NOR) test, 
and elevated plus maze (EPM). The animals were 
euthanized after the estimation of blood glu-
cose, and hippocampal tissues were dissected 
for the estimation of markers of oxidative stress.  

RESULTS: Nilotinib produced impairment of 
memory function on the Y-maze, NOR test, and 
EPM. These results were also supported by a sig-
nificant increase in glutathione (GSH), malondial-
dehyde (MDA), Akt, glycogen synthase kinase-3 
beta (GSK3β), and total antioxidant capacity 
(TAC) in hippocampal tissue without altering the 
blood glucose level. 

CONCLUSIONS: Nilotinib treatment produced 
significant impairment of cognitive function by 
inducing oxidative stress in the hippocampal tis-
sue of rats.
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ed plus maze, Blood glucose, Oxidative stress, Antiox-
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Introduction

Cancer patients frequently complain of a re-
duction in cognitive function and poor quality of 
life after beginning cancer therapy, as evidenced 
by a decrease in their work capacity and concen-
tration ability in their daily lives. The develop-
ment of protein kinase inhibitors (KIs) has been 
a breakthrough in targeted cancer therapy1, due 
to their indispensable role in the cell signaling 
pathway through the phosphorylation of tyrosine 
residues of specific proteins2, that regulate a va-
riety of physiological functions3. However, the 
altered expression or function of protein kinases 
has not only been implicated in the pathogenesis 
of cancer, but also in several other non-oncologi-
cal diseases, including Alzheimer’s disease (AD), 
Parkinson’s disease (PD), and multiple sclero-
sis4-6. The ubiquitous prevalence of tyrosine ki-
nase throughout the brain, in particular the cere-
bellum and hippocampus, suggests that it is also 
involved in the regulation of neuronal function7. 
In addition, TKs also play a crucial role in the 
central nervous system8,9. Interestingly, protein 
tyrosine kinase has been reported in literature 
to play a key role in the induction of long-term 
potentiation, useful measures of neuronal func-
tion and integrity. Nonetheless, tyrosine kinase 
inhibitors have been reported10 to inhibit the in-
duction of long-term potentiation mechanisms of 
memory function regulation in the hippocampus. 
However, the use of TK inhibitors (TKI) during 
normal brain function can induce cognitive im-
pairment11,12. In the present study, we investigated 
the ability of TK inhibitors to impair cognitive 
function and the potential mechanism.

Nilotinib is a TK inhibitor used to treat pa-
tients with chronic myeloid leukemia13. Regard-
ing the mechanism of action, nilotinib inhibits 
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the Philadelphia chromosome or Philadelphia 
translocation, a genetic abnormality in chromo-
some 22 of leukemia cells14. There are confound-
ing reports15-17 on the effect of nilotinib on mem-
ory function. Several lines of evidence15,16 have 
shown that nilotinib affords protection against 
PD and AD, reducing neuronal loss in dopami-
nergic cells. Furthermore, nilotinib can improve 
the clearance of amyloid-beta in AD17. Howev-
er, accumulating evidence suggests the contrary 
findings on memory function following treatment 
with TKIs. Multifaceted mechanisms have been 
proposed11,18 to explain the TKI-induced memory 
impairment, including dysregulation of vascular 
endothelial growth factor receptor 2 (VEGFR2), 
affecting DNA demethylation patterns by alter-
ation of specific genes19, and increased reactive 
oxygen species in mitochondria20. In addition, ni-
lotinib can also increase protein kinase B (PKB/
Akt) activity, which increases the glucose trans-
porter trafficking to the cell surface21. Moreover, 
Akt is considered a pro-survival pathway, and it 
can also inhibit GSK-3β, which enhances memo-
ry function22. Conversely, it has been reported23 
that nilotinib can induce cognitive impairment 
in patients with chronic myeloid leukemia; how-
ever, the mechanism underlying this cognitive 
impairment remains poorly clarified.

Oxidative stress occurs due to changes in the 
non-enzymatic and/or enzymatic mechanisms 
that counteract reactive oxygen species (ROS) 
overproduction24,25. This excessive ROS produc-
tion can cause many neurotoxic effects, such as 
lipid peroxidation, mitochondrial dysfunction, 
enhanced inflammation26, damage to the cellular 
structure, and apoptosis27-29. Several lines of evi-
dence have illustrated30,31 the association between 
oxidative stress and cognitive impairment. Fur-
ther, it has been demonstrated32,33 that increased 
lipid peroxidation and tissue MDA levels, deple-
tion of reduced glutathione (GSH), and TAC con-
tribute to the pathogenesis of nilotinib-induced 
memory dysfunction.

Despite the substantial literature on TKI-in-
duced oxidative stress and cardiovascular events, 
it is plausible that TKIs with significant BBB 
permeability may also affect cognitive function. 
In addition, cancer patients with cognitive dys-
function have a sixfold higher mortality rate com-
pared to those with normal memory functionality. 
Therefore, it is quite intriguing to investigate the 
effect of nilotinib treatment on memory function 
and on markers of cellular oxidative stress, which 
could enhance the current understanding of neu-

rocognitive dysfunction and elucidate the role of 
oxidative stress in the nilotinib-induced decline 
of memory function in rodent models.

Materials and Methods

Animals and Treatment
Thirty Wistar albino male rats (aged 10-

12 weeks; weighing, 200-250 g) were housed 
in polypropylene cages (n = 3 per cage) un-
der a 12-h light/dark cycle and maintained at 
25±2°C. Rats were allowed free access to food 
and drinking water. Nilotinib (procured from 
Novartis Pharmaceuticals, Wood Lane, Lon-
don, UK) was dissolved in the drinking water 
and administered daily at low and high doses 
(15 and 30 mg/kg, respectively) through oral 
gavage once daily for two weeks34; the con-
trol group received only drinking water. Body 
weight was measured every two days, and mor-
tality was recorded daily. Behavioral tests were 
performed during the light cycle.

Behavioral Paradigm

Y-maze test of short-term working memory
The wooden Y-maze (dimensions: 50 × 10 × 18 

cm), comprised of three arms (painted brown for 
ease of visualization) separated by 120° intervals, 
was illuminated from above to ensure consistent 
light distribution. The test for short-term memory 
function was performed in two sessions compris-
ing training and testing. During the training run, 
one arm of the Y-maze (novel arm) was blocked, 
and rats were allowed access to the other arms 
with different shape cues located at the end for 
15 min. The test run was initiated 3 hours later, 
and exploration of all arms was allowed for 5 min. 
The number of entries and time spent in the novel 
arm were recorded35.

Novel objective recognition (NOR) 
test of memory function

The NOR test apparatus comprised an open 
wooden box (40 × 40 × 40 cm) containing famil-
iarization objects consisting of two white cups, 
and a black box of equal size as the novel object. 
During the 15-min training session, the rats ex-
plored the familiarization objects. After 3 h, the 
5-min test session was conducted with one of the 
familiarization objects replaced by the novel ob-
ject, and the time spent exploring the novel object 
was recorded36.
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Elevated plus maze (EPM) test of learning 
and memory processes

The EPM test apparatus consisted of pairs of 
opposing arms (open and closed; each 50 × 10 × 
30 cm) with a central platform (10 cm2). In the 
training session, the rat was placed at the end of 
an open arm and allowed to explore the apparatus 
for 10 min. After 3 hours, this process was repeat-
ed in the test session, and time spent in the closed 
arm and the transfer latency time (i.e., the time 
taken to move from the open arm to either of the 
closed arms) were recorded37.

Biochemical Estimations

Blood glucose estimation
Glucose levels in tail vein blood samples were 

analyzed using an Accu-Chek glucometer (Roche 
Diabetes Care, Inc., Indiana, USA) according to 
the manufacturer’s instructions.

Antioxidant content
The animals were euthanized, and the entire 

brain of each rat was carefully extracted and 
placed over an ice-cold Petri dish. Their hippo-
campi were immediately removed and homog-
enized in phosphate-buffered saline. Samples 
were homogenized individually using a glass 

Teflon homogenizer and then centrifuged at 
14,000 × g for 5 minutes. The supernatant was 
collected into Eppendorf tubes (1.5 ml) and 
stored at -80°C for analysis of antioxidant con-
tent. The total antioxidant capacity (TAC), GSH, 
MDA, Akt, and GSK3β levels were analyzed 
using ELISA kits (Cloud-Clone Corp., Houston, 
TX, USA) according to the manufacturer’s in-
structions.

Statistical Analysis
Data were expressed as the mean ± standard 

error of the mean and analyzed using one-way 
analysis of variance (ANOVA). The data were 
subjected to Tukey’s test to evaluate parameters, 
and statistical significance was set at p≤0.05. Sur-
vival data were assessed using Kaplan-Meier sur-
vival curves (n = 10 experiments) (Figure 1).

Results

The Effect of Nilotinib on Survival Rate
As shown in Figure 2, chronic treatment with 

nilotinib at doses 15 mg/kg and 30 mg/kg did not 
affect the survival rate as there was no significant 
change in percentage survival compared to con-
trol animals.

Figure 1. Conceptual diagram of the design and result of the study.
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The Effect of Nilotinib 
on Body Weight

Chronic treatment with nilotinib at doses of 
15 mg/kg and 30 mg/kg for two weeks did not 
produce a significant change in normalized body 
weight (Figure 3A). There were no significant dif-
ferences in body weight of the nilotinib-treated 
(15 and 30 mg/kg) treated groups, as compared to 
control groups (Figure 3B).

The Effect of Nilotinib on the Behavior 
of Rats on the Y-maze Test

Figures 4A and 4B summarize the behavior 
of animals on the Y-maze test following chronic 
treatment with nilotinib at doses of 15 mg/kg and 
30 mg/kg, respectively. There was a reduction in 
the number of entries into the novel arm (Figure 

4A) and time spent on the novel arm (Figure 4B) 
as compared to the control group. Nilotinib at a 
higher dose (30 mg/kg) produced a greater reduc-
tion in the number of entries into the novel arm 
and time spent in the novel arm, though statisti-
cally insignificant if compared to the control.

The Effect of Nilotinib on the 
Behavior of Rats on Novel Object 
Recognition (NOR) Test

Administration of nilotinib (15 mg/kg and 30 
mg/kg) for two weeks produced an alteration in 
memory function on the novel object recognition 
(NOR) test, evidenced by a dose-dependent re-
duction in time spent exploring the novel object 
(p<0.05 and p<0.01, respectively), as compared to 
the control group (Figure 5). 

Figure 2. Effects of nilotinib 
(15 and 30 mg/kg, p.o.) for 2 
weeks on the percentage surviv-
al of rats. 

Figure 3. Effects of nilotinib treatment on rat body weight. A, Representative graph of the body weight from the first day 
of nilotinib treatment to the end of the study period. B, Representative graph of the change in body weight on the last day of 
nilotinib treatment compared with that on the first day. Data represent the mean ± standard error.
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The Effect of Nilotinib on 
the Behavior of Rats on Elevated 
Plus Maze (EPM) Test

In the EPM test of learning and memory pro-
cesses, chronic treatment with nilotinib produced 
a dose-dependent increase in transfer latency on 
the elevated plus maze test in rats. Nilotinib at 
both doses (15 mg/kg and 30 mg/kg, p.o.) pro-
duced an increase in transfer latency, though the 
effect produced by the higher dose (30 mg/kg) 
was statistically significant (p<0.01), as compared 
to the control group (Figure 6). 

The Effect of Nilotinib on Blood Glucose 
Levels

Figure 7 shows the effect of chronic nilotinib 
treatment on blood glucose levels in rats. There 
was an insignificant change in blood glucose lev-

els following nilotinib (15 mg/kg and 30 mg/kg) 
treatment as compared to the control group. The 
blood glucose lowering effect of the higher dose 
(30 mg/kg) is bigger, though statistically insignif-
icant, as compared to control animals. 

The Effect of Nilotinib on Hippocampal 
Akt and GSK-3β Levels

Administration of nilotinib at doses of 15 mg/
kg and 30 mg/kg for two weeks produces statis-
tically insignificant changes in hippocampal Akt 
and GSK-3β levels, as compared to the control 
group (Figure 8A and B). 

The Effect of Nilotinib on Hippocampal 
GSH, MDA, and TAC Levels

Figure 9 summarizes the effect of nilotinib 
on markers of oxidative stress in hippocampal 

Figure 5. Effects of nilotinib on time spent to 
explore the novel object (seconds) of novel object 
recognition test. Data were represented as mean ± 
standard error of the mean. *p<0.05, **p<0.01 vs. 
control. Significant by one-way ANOVA followed 
by Tukey analysis (n = 10 rats per group).

Figure 4. The effect of 
nilotinib on Y-maze pa-
rameters. A, Novel arm 
entry number. B, Total 
time spent in the novel 
arm. Data represent the 
mean ± standard error.
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Figure 7. Effects of nilotinib on blood glucose levels in 
rats. Data represent mean ± standard error. 

Figure 8. Effect of nilotinib treatments on the hippocampal expression of Akt (A) and GSK3β (B) in rats. Data represent 
mean ± standard error.

Figure 6. Effects of nilotinib on the transfer laten-
cy time in the elevated plus maze test. Data were 
represented as mean ± standard error of the mean. 
**p<0.01 vs. control. Significant by one-way ANO-
VA followed by Tukey analysis (n = 10 rats per 
group).
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tissue. There was dose-dependent elevation of 
hippocampal GSH (Figure 9A), MDA (Figure 
9B), and TAC (Figure 9C) levels, as compared 
to the control group. The hippocampal increase 
in GSH and MDA was statistically insignif-
icant with the lower dose (15 mg/kg), whereas 
the higher dose (30 mg/kg) produced a signif-
icant (p<0.05) increase in GSH and MDA lev-
els, as compared to the control group. However, 
the TAC levels in hippocampal tissue were also 
elevated in a dose-dependent manner following 
nilotinib treatment though statistically insignifi-
cant as compared to control.

Discussion

Clinical studies23 have revealed that nilotinib 
can alter cognitive performance. Since TK is well 
known38,39 for its crucial roles in regulating learn-
ing and memory processes, we postulated that 
nilotinib-mediated TK inhibition could induce 
cognitive impairment by over-activating the pro-
tein kinase B (PKB, or Akt) signaling pathway. 
To test this hypothesis, we employed the Y-maze, 
NOR test, and EPM tests to evaluate hippocam-
pal-dependent tasks in nilotinib (15 mg/kg and 
30 mg/kg) treated rats. Our results revealed that 

Figure 9. Effect of nilotinib on brains GSH (A), MDA (B) and TAC (C) levels in rats. Data represent mean ± standard error.
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daily treatment with nilotinib (15 mg/kg and 30 
mg/kg, p.o.) for two weeks produced significant 
impairment of spatial memory function in rats. 
However, nilotinib has been reported40-42 to alle-
viate memory dysfunction in AD and PD patients 
by preventing the degeneration of dopaminergic 
neurons. Contrary to this, there are some reports23 
of impaired memory function in patients receiv-
ing nilotinib treatment for leukemia. In the cur-
rent study, we showed that chronic administration 
of nilotinib induced cognitive dysfunction using 
multiple behavioral tests, including Y-maze, NOR 
test, and EPM test in rats. The Y-maze paradigm 
is based on a hippocampal-dependent task and is 
usually used to assess spatial working memory in 
rodents43,44. Nilotinib (15 and 30 mg/kg) treatment 
produced an insignificant increase in the number 
of novel arm entries and time spent in the novel 
arm, compared with the control rats. Conversely, 
in the NOR tasks, nilotinib-treated rats spent less 
time exploring the novel object than the control 
ones. These findings indicate that nilotinib treat-
ment resulted in the impairment of some cogni-
tive functions. Furthermore, the memory impair-
ment effect of nilotinib was dose-dependent, as 
there was a significant reduction in exploration 
time with 15 mg/kg followed by 30 mg/kg of nilo-
tinib. Therefore, these data suggest that nilotinib 
treatment disrupts the brain regions to different 
degrees, causing impairment in memory function 
on the NOR test and no effect on Y-maze tasks. 
The transfer latency (TL) on an elevated plus maze 
is one of the most extensively used models for as-
sessing rodent learning and memory processes45. 
Our result showed that rats treated with 30 mg/
kg nilotinib exhibited a significant increase in 
transfer latency and freezing time during latency 
as compared to controls, whereas rats treated with 
15 mg/kg nilotinib also exhibited a similar effect 
that was statistically insignificant. This finding 
indicates that nilotinib induces anxiety-like be-
havior, which is well known to be associated with 
cognitive impairment. Altogether, these findings 
suggest that nilotinib treatment can impair cog-
nitive function to varying degrees, which is in 
agreement with studies19 reporting impairment of 
learning and memory in rats following TKIs us-
ing Morris’ water.

It is generally recognized that proper glucose 
metabolism is essential for the development and 
maintenance of learning and memory. The re-
duced blood glucose following nilotinib treatment 
could also contribute to reduced learning and 
memory, as observed in our study. This finding 

is in line with a previous study46 that reported a 
reduction of dose-dependent reduction in blood 
glucose levels with nilotinib in rats. Although the 
blood glucose lowering by nilotinib in this study 
was statistically insignificant, it suggests that 
nilotinib potentially does impact the expression 
or trafficking of insulin receptors by activating 
the Akt pathway and the localization of glucose 
transporters21.

Akt is downstream of several receptor-signal-
ing pathways, such as insulin receptors, mediat-
ing cell survival47. Activation of Akt is involved 
in the trafficking of glucose transporters 1 and 4 
to the cell surface, facilitating glucose uptake48,49. 
It  plays a central role in learning and memory 
and synaptic plasticity via activation or inhibi-
tion of other protein kinases, such as GSK-3β50, 
which regulates glycogen synthesis in response 
to insulin receptor activation. As a downstream 
regulator of the Akt pathway, a GSK-3β activity 
is inhibited by phosphorylation of Ser-9 residue 
mediated by active Akt. 

Therefore, the assessment of hippocampal Akt 
and GSK-3β protein levels could decipher the plau-
sible implication in increased oxidative stress and 
associated cognitive dysfunction following nilo-
tinib treatment at doses of 15 mg/kg and 30 mg/
kg once daily for two weeks in rats. The results 
revealed that glucose levels were slightly reduced 
in a dose-dependent manner in nilotinib-treated 
rats; however, it was not statistically significant. 
Similarly, our result showed that the expression 
of Akt and GSK-3β were not significantly altered 
following nilotinib treatment at either of the dos-
es.  Taken together, the cognitive impairment in 
nilotinib-treated rats can be attributed to oxida-
tive stress. Our findings are in agreement with 
previous studies51 that reported impairment of 
memory function through the alterations in insu-
lin receptor signaling, Akt, and GSK-3β activities 
in hippocampal neurons. However, additional 
studies are required to investigate the molecular 
mechanisms.

Long-term oxidative stress, which can damage 
cellular function52, is characterized by increased 
production of reactive oxygen species (ROS) and 
malondialdehyde (MDA), a marker of lipid perox-
idation24,53. In response to the cellular oxidative 
stress, both enzymatic such as glutathione per-
oxidase  (GPx)  and  superoxide dismutase (SOD) 
and non-enzymatic, such as reduced glutathione 
(GSH) and  metal-binding proteins (MBPs) are 
utilized by biological system as antioxidant de-
fense mechanisms54-56. There is increasing evi-
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dence53,57,58 suggesting the involvement of oxida-
tive stress in aging, neurodegenerative diseases, 
neurotoxicity, and neuronal dysfunction. Indeed, 
the brain’s susceptibility to oxidative stress and 
its effects on metabolism and synaptic activities 
have been reported58,59 in AD and PD. Studies60 
also suggest that oxidative stress alters or depletes 
endogenous antioxidant capacity. For instance, 
the level of  GSH was reduced in neurodegener-
ative diseases, and it has been hypothesized in 
literature that increasing the levels of GSH was 
identified as a potential therapeutic target. In ad-
dition, MDA is one of the products that resulted 
from ROS oxidation, which is considered a bio-
marker of oxidative stress.

GSH is a tripeptide  antioxidant that is com-
posed of glutamate, cysteine, and glycine61. GSH 
is an antioxidant because of its capacity to neu-
tralize oxidants by reacting with reactive oxy-
gen species62. The current study result observed 
a consistent elevation of GSH in the brain of ni-
lotinib-treated rats (30 mg/kg), which could rep-
resent a response of compensation for oxidative 
stress that caused poorer cognitive outcomes in 
nilotinib-treated rats.  Similarly, the levels of 
MDA were significantly higher in nilotinib-treat-
ed rats (30 mg/kg), which showed oxidative stress 
occurred. This finding indicates that GSH  ac-
tivity was elevated as a response to neutralizing 
the increased levels of MDA and oxidative stress 
in nilotinib-treated rats.

In addition to the previous, total antioxidant 
capacity  (TAC) was measured to investigate 
the effects of nilotinib treatment. TAC level is a 
commonly used biomarker for early detection of 
cellular oxidative stress induced by some drugs 
or diets6,63. The TAC level was not significantly 
altered, although a statistically insignificant in-
crease in a dose-dependent manner was observed 
following nilotinib treatment. The resulting ox-
idative stress in hippocampal tissue following 
nilotinib treatment could also be at least partly 
contributed by modulation of the Akt/GSK-3β 
pathway. Intriguingly, our findings were also 
consistent with a previous study wherein inhib-
itors of GSK-3β have shown a protective effect 
against ischemic/reperfusion-induced cerebral 
damage in rats64. This resulted in an understand-
ing that nilotinib treatment could potentially 
increase cellular oxidative stress. Our findings 
of cellular oxidative stress following nilotinib 
treatment are in line with previous studies65 that 
reported increased oxidative stress-mediated 
apoptosis of leukemic cells. 

In this study, we investigated the effects of 
nilotinib treatment on cognitive impairment us-
ing a dose that was equivalent to the one used 
to treat leukemia in patients. Furthermore, the 
results of the cognitive impairment are similar 
to those observed in cancer patients. In addition, 
the animal experiments were performed using 
rats of the same strain, age, and sex to minimize 
the effects of differences on the study outcomes. 
Moreover, the study was conducted in wild-type, 
cancer-free rats to evaluate the direct effects of 
nilotinib treatment and exclude possible interfer-
ence by cancer effects.

Conclusions

The results of our study revealed that nilotinib 
treatment induced impairment in memory and 
learning. Although nilotinib treatment stimu-
lated a slight decline in glucose levels, the precise 
mechanism underlying nilotinib-induced mem-
ory impairment remains to be comprehensively 
elucidated.

Authors’ Contributions
Conceptualization, A.H.A.; methodology, A.H.A., S.K.A.; 
software, A.H.A.; validation, S.H.A., M.A.A. and S.K.A.; 
formal analysis, S.H.A.; investigation, S.H.A.; resourc-
es, A.H.A.; data curation, A.H.A.; writing—original draft 
preparation, S.H.A.; writing—review and editing, M.J.A.; 
visualization, S.H.A.; supervision, A.H.A.; project admin-
istration, A.H.A. 

Conflicts of Interest
The authors declare that there is no conflicts of interest.

Funding
This research received no external funding.

Ethics Approval
The study was approved by the Institutional Animal Care 
and Use Committee in the Deanship for Scientific Research 
at Qassim University (under number 22-15-08).

Informed Consent 
Not applicable.

Data Availability 
Data are available upon request for reasonable requests.



Nilotinib treatment induces cognitive impairment by elevating hippocampal oxidative stress in rats

10091

References

    1)	Çiftçiler R, Haznedaroglu IC. Tailored tyrosine ki-
nase inhibitor (TKI) treatment of chronic myeloid 
leukemia (CML) based on current evidence. Eur 
Rev Med Pharmacol Sci 2021; 25: 7787-7798.

    2)	Ardito F, Giuliani M, Perrone D, Troiano G, Lo 
Muzio L. The crucial role of protein phosphoryla-
tion in cell signaling and its use as targeted ther-
apy. Int J Mol Med 2017; 40: 271-280.

    3)	Dissous C, Morel M, Vanderstraete M. Venus ki-
nase receptors: prospects in signaling and bio-
logical functions of these invertebrate kinases. 
Front Endocrinol (Lausanne) 2014; 5: 72.

    4)	Mehdi SJ, Rosas-Hernandez H, Cuevas E, Lantz 
SM, Barger SW, Sarkar S, Paule MG, Ali SF, 
Imam SZ. Protein kinases and Parkinson’s dis-
ease. Int J Mol Sci 2016; 17: 1585.

    5)	Zhao X, Xiong L, She L, Li L, Huang P, Liang G. 
The role and therapeutic implication of protein 
tyrosine phosphatases in Alzheimer’s disease. 
Biomed Pharmacother 2022; 151: 113188.

    6)	Kim M, Baek M, Kim DJ. Protein tyrosine signal-
ing and its potential therapeutic implications in 
carcinogenesis. Curr Pharm Des 2017; 23: 4226-
4246.

    7)	Whitechurch RA, Ng KT, Sedman GL. Tyrosine 
kinase inhibitors impair long-term memory forma-
tion in day-old chicks. Cogn Brain Res 1997; 6: 
115-120.

    8)	Nakai T, Nagai T, Tanaka M, Itoh N, Asai N, 
Enomoto A, Asai M, Yamada S, Saifullah AB, 
Sokabe M, Takahashi M. Girdin phosphorylation 
is crucial for synaptic plasticity and memory: a 
potential role in the interaction of BDNF/TrkB/Akt 
signaling with NMDA receptor. J Neurosci 2014; 
34: 14995-5008.

    9)	Kennedy MB. Synaptic signaling in learning and 
memory. Cold Spring Harb Perspect Biol 2016; 8: 
a016824.

  10)	O’Dell TJ, Kandel ER, Grant SGN. Long-term po-
tentiation in the hippocampus is blocked by tyro-
sine kinase inhibitors. Nature 1991; 353: 558-560.

  11)	 Abdel-Aziz AK, Mantawy EM, Said RS, Helwa R. 
The tyrosine kinase inhibitor, sunitinib malate, in-
duces cognitive impairment in vivo via dysregu-
lating VEGFR signaling, apoptotic and autophag-
ic machineries. Exp Neurol 2016; 283: 129-141.

  12)	Claudiani S, Apperley JF, Deplano S, Khorashad 
J, Foroni L, Palanicawandar R, Perry R, Milojkov-
ic D. Cognitive dysfunction after withdrawal of ty-
rosine kinase inhibitor therapy in chronic myeloid 
leukaemia. Am J Hematol 2016; 91: E480-E481.

  13)	Sacha T, Saglio G. Nilotinib in the treatment of 
chronic myeloid leukemia. Futur Oncol 2019; 15: 
953-965.

  14)	Bonifacio M, Stagno F, Scaffidi L, Krampera M, 
Di Raimondo F. Management of chronic myeloid 
leukemia in advanced phase. Front Oncol 2019; 
9: 1132.

  15)	Hebron ML, Lonskaya I, Moussa CE-H. Nilotinib 
reverses loss of dopamine neurons and improves 
motor behavior via autophagic degradation of 
α-synuclein in Parkinson’s disease models. Hum 
Mol Genet 2013; 22: 3315-3328.

  16)	Adlimoghaddam A, Odero GG, Glazner G, Turn-
er RS, Albensi BC. Nilotinib improves bioenergetic 
profiling in brain astroglia in the 3xTg mouse mod-
el of Alzheimer’s disease. Aging Dis 2021; 12: 441.

  17)	Lonskaya I, Hebron ML, Desforges NM, Schachter 
JB, Moussa CEH. Nilotinib-induced autophagic 
changes increase endogenous parkin level and 
ubiquitination, leading to amyloid clearance. J 
Mol Med 2014; 92: 373-386.

  18)	Lee HJ, Jeong GH, Li H, Kim MS, Kim JS, 
Park SJ, Han YJ, Lee KH, Kronbichler A, Hong 
SH, Ghayda RA. Efficacy and safety of epider-
mal growth factor receptor-tyrosine kinase in-
hibitor (EGFR-TKI) monotherapy for advanced 
EGFR-mutated non-small cell lung cancer: sys-
tematic review and meta-analysis. Eur Rev Med 
Pharmacol Sci 2021; 25: 6232-6244.

  19)	Duan S, Li C, Gao Y, Meng P, Ji S, Xu Y, Mao 
Y, Wang H, Tian J. The tyrosine kinase inhibitor 
LPM4870108 impairs learning and memory and 
induces transcriptomic and gene‑specific DNA 
methylation changes in rats. Arch Toxicol 2022; 
96: 845-857.

  20)	Kostić A, Jovanović Stojanov S, Podolski-Renić 
A, Nešović M, Dragoj M, Nikolić I, Tasić G, Sche-
none S, Pešić M, Dinić J. Pyrazolo [3, 4-d] pyrim-
idine Tyrosine Kinase Inhibitors Induce Oxida-
tive Stress in Patient-Derived Glioblastoma Cells. 
Brain Sci 2021; 11: 884.

  21)	Beg M, Abdullah N, Thowfeik FS, Altorki NK, Mc-
Graw TE. Distinct Akt phosphorylation states are 
required for insulin regulated Glut4 and Glut1-me-
diated glucose uptake. Elife 2017; 6: e26896.

  22)	Beurel E, Grieco SF, Jope RS. Glycogen syn-
thase kinase-3 (GSK3): regulation, actions, and 
diseases. Pharmacol Ther 2015; 148: 114-131.

  23)	Chan J, Shah P, Moguel-Cobos G. Nilotinib-In-
duced dystonia and cognitive deficits in a neurolog-
ically normal patient with chronic myeloid leukemia. 
Case Rep Neurol Med 2019; 2019: 3679319.

  24)	Marrocco I, Altieri F, Peluso I. Measurement and 
clinical significance of biomarkers of oxidative 
stress in humans. Oxid Med Cell Longev 2017; 
2017.

  25)	Sharifi-Rad M, Anil Kumar N V, Zucca P, Varoni 
EM, Dini L, Panzarini E, Rajkovic J, Tsouh Fok-
ou PV, Azzini E, Peluso I, Prakash Mishra A. Life-
style, oxidative stress, and antioxidants: back and 
forth in the pathophysiology of chronic diseases. 
Front Physiol 2020; 11: 694.

  26)	Alhowail AH, Aldubayan M. Recent progress in 
the elucidation of the mechanisms of chemother-
apy-induced cognitive impairment. Eur Rev Med 
Pharmacol Sci 2021; 25: 5807-5817.

  27)	Redza-Dutordoir M, Averill-Bates DA. Activation 
of apoptosis signalling pathways by reactive oxy-



S.H. Alharbi, A.H. Alhowail, M.A. Aldubayan, S.K. Alenezi, M.J. Anwar

10092

gen species. Biochim Biophys Acta (BBA)-Molec-
ular Cell Res 2016; 1863: 2977-2992.

  28)	Checa J, Aran JM. Reactive oxygen species: driv-
ers of physiological and pathological processes. J 
Inflamm Res 2020; 13: 1057-1073.

  29)	Forrester SJ, Kikuchi DS, Hernandes MS, Xu Q, 
Griendling KK. Reactive oxygen species in meta-
bolic and inflammatory signaling. Circ Res 2018; 
122: 877-902.

  30)	Baierle M, Nascimento SN, Moro AM, Brucker N, 
Freitas F, Gauer B, Durgante J, Bordignon S, Zi-
betti M, Trentini CM, Duarte MM. Relationship be-
tween inflammation and oxidative stress and cog-
nitive decline in the institutionalized elderly. Oxid 
Med Cell Longev 2015; 2015: 804198.

  31)	Nantachai G, Vasupanrajit A, Tunvirachaisakul 
C, Solmi M, Maes M. Oxidative stress and anti-
oxidant defenses in mild cognitive impairment: a 
systematic review and meta-analysis. Ageing Res 
Rev 2022; 79: 101639.

  32)	Salim S. Oxidative stress and the central nervous 
system. J Pharmacol Exp Ther 2017; 360: 201-205.

  33)	Cecerska-Heryć E, Polikowska A, Serwin N, Ro-
szak M, Grygorcewicz B, Heryć R, Michalczyk 
A, Dołęgowska B. Importance of oxidative stress 
in the pathogenesis, diagnosis, and monitoring 
of patients with neuropsychiatric disorders, a re-
view. Neurochem Int 2022; 153: 105269.

  34)	Weisberg E, Catley L, Wright RD, Moreno D, Ba-
nerji L, Ray A, Manley PW, Mestan J, Fabbro D, 
Jiang J, Hall-Meyers E. Beneficial effects of com-
bining nilotinib and imatinib in preclinical models 
of BCR-ABL+ leukemias. Blood 2007; 109: 2112-
2120.

  35)	Alhowail AH, Chigurupati S, Sajid S, Mani V. 
Ameliorative effect of metformin on cyclophos-
phamide-induced memory impairment in mice. 
Eur Rev Med Pharmacol Sci 2019; 23: 9660-
9666.

  36)	Alharbi I, Alharbi H, Almogbel Y, Alalwan A, Al-
howail A. Effect of metformin on doxorubicin-in-
duced memory dysfunction. Brain Sci 2020; 10: 
152.

  37)	Alhowail AH, Almogbel Y, Abdellatif AH, Aldu-
bayan MA, Alfheeaid HA, Felemban SG, Chig-
urupati S, Alharbi IF, Alharbi HS. Metformin In-
duced Cognitive Impairment and Neuroinflamma-
tion in CMF-Treated Rats. Int J Pharmacol 2022; 
18: 228-235.

  38)	Huang C, Hsu K. Protein tyrosine kinase is re-
quired for the induction of long‐term potentiation 
in the rat hippocampus. J Physiol 1999; 520: 783-
796.

  39)	Abel T, Nguyen P V. Regulation of hippocam-
pus-dependent memory by cyclic AMP-depen-
dent protein kinase. Prog Brain Res 2008; 169: 
97-115.

  40)	La Barbera L, Vedele F, Nobili A, Krashia P, Spo-
leti E, Latagliata EC, Cutuli D, Cauzzi E, Ma-
rino R, Viscomi MT, Petrosini L. Nilotinib re-
stores memory function by preventing dopami-

nergic neuron degeneration in a mouse model of 
Alzheimer’s Disease. Prog Neurobiol 2021; 202: 
102031.

  41)	Turner RS, Hebron ML, Lawler A, Mundel EE, Yu-
suf N, Starr JN, Anjum M, Pagan F, Torres‐Yaghi 
Y, Shi W, Mulki S. Nilotinib effects on safety, tol-
erability, and biomarkers in Alzheimer’s disease. 
Ann Neurol 2020; 88: 183-194.

  42)	Pagan F, Hebron M, Valadez EH, Torres-Yaghi 
Y, Huang X, Mills RR, Wilmarth BM, Howard H, 
Dunn C, Carlson A, Lawler A. Nilotinib effects 
in Parkinson’s disease and dementia with Lewy 
bodies. J Parkinsons Dis 2016; 6: 503-517.

  43)	Kraeuter AK, Guest PC, Sarnyai Z. The Y-maze 
for assessment of spatial working and reference 
memory in mice. Pre-clinical Model Tech Protoc 
2019; 1916: 105-111.

  44)	Shamim S, Khan KM, Ullah N, Chigurupati S, Wa-
dood A, Rehman AU, Ali M, Salar U, Alhowail A, 
Taha M, Perveen S. Synthesis and screening of 
(E)-3-(2-benzylidenehydrazinyl)-5, 6-diphenyl-1, 
2, 4-triazine analogs as novel dual inhibitors 
of α-amylase and α-glucosidase. Bioorg Chem 
2020; 101: 103979.

  45)	Sharma AC, Kulkarni SK. Evaluation of learning 
and memory mechanisms employing elevated 
plus-maze in rats and mice. Prog Neuro-Psycho-
pharmacology Biol Psychiatry 1992; 16: 117-125.

  46)	Samaha MM, Said E, Salem HA. Nilotinib en-
hances β-islets integrity and secretory functions 
in a rat model of STZ-induced diabetes mellitus. 
Eur J Pharmacol 2019; 860: 172569.

  47)	Manning BD, Toker A. AKT/PKB signaling: navi-
gating the network. Cell 2017; 169: 381-405.

  48)	Tsuchiya A, Kanno T, Nishizaki T. PI3 kinase di-
rectly phosphorylates Akt1/2 at Ser473/474 in the 
insulin signal transduction pathway. J Endocrinol 
2014; 220: 49.

  49)	 Hampton KK, Anderson K, Frazier H, Thibault O, Cra-
ven RJ. Insulin receptor plasma membrane levels in-
creased by the progesterone receptor membrane 
component 1. Mol Pharmacol 2018; 94: 665-673.

  50)	Alhowail A, Chigurupati S. Research advances 
on how metformin improves memory impairment 
in “chemobrain”. Neural Regen Res 2022; 17: 15.

  51)	Liu Q, Wang Z, Cao J, Dong Y, Chen Y. The Role 
of Insulin Signaling in Hippocampal-Related Dis-
eases: A Focus on Alzheimer’s Disease. Int J Mol 
Sci 2022; 23: 14417.

  52)	García-Sánchez A, Miranda-Díaz AG, Cardo-
na-Muñoz EG. The role of oxidative stress in phys-
iopathology and pharmacological treatment with 
pro-and antioxidant properties in chronic diseases. 
Oxid Med Cell Longev 2020; 2020: 2082145.

  53)	Liguori I, Russo G, Curcio F, Bulli G, Aran L, Del-
la-Morte D, Gargiulo G, Testa G, Cacciatore F, 
Bonaduce D, Abete P. Oxidative stress, aging, and 
diseases. Clin Interv Aging 2018; 13: 757-772.

  54)	Mirończuk-Chodakowska I, Witkowska AM, Zujko 
ME. Endogenous non-enzymatic antioxidants in 
the human body. Adv Med Sci 2018; 63: 68-78.



Nilotinib treatment induces cognitive impairment by elevating hippocampal oxidative stress in rats

10093

  55)	Gusti AMT, Qusti SY, Alshammari EM, Toraih EA, 
Fawzy MS. Antioxidants-related superoxide dis-
mutase (SOD), catalase (CAT), glutathione per-
oxidase (GPX), glutathione-S-transferase (GST), 
and nitric oxide synthase (NOS) gene variants 
analysis in an obese population: A preliminary 
case-control study. Antioxidants 2021; 10: 595.

  56)	Mastronikolis S, Kagkelaris K, Pagkalou M, Tsi-
ambas E, Plotas P, Georgakopoulos CD. Antiox-
idant Defense and Pseudoexfoliation Syndrome: 
An Updated Review. Med Sci 2022; 10: 68.

  57)	Hajam YA, Rani R, Ganie SY, Sheikh TA, Javaid 
D, Qadri SS, Pramodh S, Alsulimani A, Alkhanani 
MF, Harakeh S, Hussain A, Haque S, Reshi MS. 
Oxidative stress in human pathology and aging: 
Molecular mechanisms and perspectives. Cells 
2022; 11: 552.

  58)	Singh A, Kukreti R, Saso L, Kukreti S. Oxidative 
stress: a key modulator in neurodegenerative dis-
eases. Molecules 2019; 24: 1583.

  59)	Tönnies E, Trushina E. Oxidative stress, synaptic 
dysfunction, and Alzheimer’s disease. J Alzhei-
mer’s Dis 2017; 57: 1105-11021.

  60)	Birben E, Sahiner UM, Sackesen C, Erzurum S, 
Kalayci O. Oxidative stress and antioxidant de-
fense. World allergy Organ J 2012; 5: 9-19.

  61)	Lushchak VI. Glutathione homeostasis and func-
tions: potential targets for medical interventions. 
J Amino Acids 2012; 2012: 736837.

  62)	Nita M, Grzybowski A. The role of the reactive 
oxygen species and oxidative stress in the path-
omechanism of the age-related ocular diseases 
and other pathologies of the anterior and posteri-
or eye segments in adults. Oxid Med Cell Longev 
2016; 2016: 3164734.

  63)	Shahidi F, Zhong Y. Measurement of antioxidant 
activity. J Funct Foods 2015; 18: 757-781.

  64)	Joshi B, Singh D, Wasan H, Sharma U, Reeta 
KH. Tideglusib Ameliorates Ischemia/Reperfu-
sion Damage by Inhibiting GSK-3β and Apoptosis 
in Rat Model of Ischemic Stroke. J Stroke Cere-
brovasc Dis 2022; 31: 106349.

  65)	PASCU EG, GĂman AM. Involvement of Oxida-
tive Stress in Resistance to Tyrosine-Kinase In-
hibitors Therapy in Chronic Myeloid Leukemia. 
Curr Heal Sci J 2020; 46: 420-432.


