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Background: Chemotherapy-induced cognitive impairment (“chemobrain”) is mechanistically linked to oxidative stress, neuroin
flammation, and apoptotic pathway dysregulation. Angiotensin receptor–neprilysin inhibitors and angiotensin II type-1 receptor 
blockers, such as sacubitril/valsartan (VS), have demonstrated neuroprotective potential; however, their effects in cisplatin (CIS)- 
induced neurotoxicity models remain poorly characterized.
Methods: Forty male Wistar rats were randomized into four groups: Control, CIS (5 mg/kg, i.p). VS alone (≈40 mg/kg/day in 
drinking water), and CIS+VS, receiving three doses over 7 days. Cognitive performance was assessed 24 hours after the final dose via 
the Y-maze and novel object recognition test (NORT). Survival and body weight were monitored throughout. Hippocampal levels of 
reactive oxygen species (ROS), malondialdehyde (MDA), TNF-α, IL-1β, IL-6, total NF-κB, BAX, and total caspase-3 were quantified 
by ELISA, complemented by histopathological analysis.
Results: CIS produced dose-limiting toxicity, with 40% mortality and approximately 13% body weight loss over 8 days. The CIS+VS 
group exhibited greater toxicity, with 50% mortality and approximately 16% weight loss, while the control and VS animals gained 
weight. Both CIS and CIS+VS groups demonstrated significant impairment in spatial and recognition memory, as reflected by reduced 
novel-arm entries and time spent in the Y-maze, and diminished novel object exploration in NORT relative to controls. Hippocampal 
oxidative stress, neuroinflammatory, and apoptosis-related signaling markers were markedly elevated following CIS and remained 
comparably elevated in the CIS+VS group, consistent with persistent neuroinflammation. Histopathological examination confirmed 
severe hippocampal tissue damage in both CIS-treated groups, with no attenuation observed in the CIS+VS group.
Conclusion: CIS induces significant cognitive deficits accompanied by elevated neurotoxicity markers. Under the tested dosing 
schedule, adjunctive VS failed to rescue cognitive function or attenuate hippocampal neuro-injury. These findings reinforce oxidative 
stress, neuroinflammation, and apoptotic signaling as key mechanistic drivers of chemobrain and indicate that VS confers no 
neuroprotective benefit in this model.
Keywords: cisplatin, sacubitril, valsartan, cognitive impairment, oxidative stress, inflammation, apoptosis-related signaling

Introduction
Chemotherapy-induced cognitive impairment (“chemobrain”) is a frequent and clinically significant adverse effect of 
cancer treatment, particularly with CIS. Affected patients report deficits in memory, attention, executive function, and 
processing speed that can persist long after therapy and diminish their quality of life.1,2 The pathophysiology of CIS- 
related cognitive dysfunction is multifactorial and involves neuroinflammation, oxidative stress, mitochondrial dysfunc
tion, and disruption of neuronal–glial homeostasis.3,4 Despite increasing recognition of this syndrome, effective phar
macological strategies to prevent or mitigate these deficits remain limited.1

Cisplatin (CIS) is a cornerstone chemotherapeutic agent for ovarian, testicular, lung, and head-and-neck cancers; 
however, its clinical utility is constrained by neurotoxicity.5 Preclinical and clinical investigations have suggested that 
CIS can cross the blood–brain barrier, accumulate within the central nervous system, and perturb neuronal function.6 

Proposed mechanisms include excessive reactive oxygen species (ROS) production, malondialdehyde (MDA) and 
mitochondrial injury leading to neuronal apoptosis and release apoptosis-related signaling markers such as BAX and 
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Caspase-3, activation of microglia and astrocytes that sustain a pro-inflammatory milieu by elevated expression of IL-1β, 
IL-6, and TNF-α, alongside changes in the NF-κB signaling pathway, which is known to drive transcription of multiple 
pro-inflammatory mediators, and impairment of hippocampal synaptic plasticity and long-term potentiation, processes 
essential for learning and memory.5,7 These converging pathways offer a biologically plausible explanation for persistent 
cognitive decline after CIS exposure, while underscoring the lack of proven neuroprotective interventions.3

Sacubitril/valsartan (VS), an angiotensin receptor–neprilysin inhibitor approved for the treatment of heart failure with 
reduced ejection fraction, integrates neprilysin inhibition (sacubitril) with angiotensin II type-1 receptor blockade 
(valsartan).8 In addition to its hemodynamic effects, this dual mechanism enhances natriuretic peptide signaling, which 
possesses vasodilatory, antioxidative, and anti-inflammatory properties, while simultaneously mitigating angiotensin II– 
induced oxidative stress, vascular dysfunction, and inflammation.9 VS is rapidly metabolized into its active neprilysin- 
inhibiting form, LBQ657, which has been observed in cerebrospinal fluid in both animal and human studies. This finding 
implies limited blood-brain barrier (BBB) permeability.10 While VS is predominantly prescribed for cardiovascular 
conditions, emerging evidence suggests that it may indirectly modulate neuroinflammatory pathways relevant to 
cognitive function. VS has been shown to mechanistically inhibit NF-κB signaling, a crucial pathway that regulates pro- 
inflammatory cytokines such as TNF-α, IL-1β, and IL-6. This inhibition consequently diminishes neuroinflammation and 
glial activation.11 Furthermore, VS demonstrates significant antioxidant properties, mitigating the oxidative stress that 
frequently accompanies inflammatory pathways and contributes to neuronal damage.12 By integrating neprilysin inhibi
tion with angiotensin II type-1 receptor blockade, VS has the potential to enhance nitric oxide bioavailability and 
improve microvascular function, thereby promoting neurovascular health and cognitive function.13 Reflecting these 
attributes, VS has been shown to alleviate pathological tissue remodeling in extra-neuronal organs, including hepatic 
fibrosis, by suppressing oxidative stress, inflammatory mediators, and NF-κB activation.14

While VS exhibits limited direct permeability across the BBB, emerging evidence indicates that its neuroprotective 
effects may be mediated through indirect systemic mechanisms rather than direct CNS entry. By simultaneously 
inhibiting the renin–angiotensin system and neprilysin, VS mitigates peripheral oxidative stress and the release of 
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inflammatory cytokines, thereby reducing systemic signals that could exacerbate central neuroinflammation.15 Several 
preclinical studies have notably demonstrated that VS enhances cognitive performance and reduces neuronal damage in 
models of Alzheimer’s disease and cerebral ischemia, despite its limited ability to penetrate the BBB.16,17 These findings 
collectively substantiate the rationale for utilizing VS in CNS injury models, as its modulation of systemic inflammatory, 
vascular, and mitochondrial pathways may indirectly facilitate neuroprotection and enhance cognitive outcomes.

Therefore, this study aimed to evaluate the neuroprotective potential of sacubitril/valsartan against CIS-induced 
neurotoxicity by examining its ability to downregulate peripheral and central oxidative and inflammatory markers and 
modulate the apoptotic signaling pathway.

Materials and Methods
Chemicals
Cisplatin (1 mg/mL) was purchased from EBEWE Pharma Ges mbH Nfg.KG (Austria). Sacubitril/valsartan (Entresto®, 
100 mg film-coated tablets) were purchased from Novartis Pharma AG, Basel, Switzerland. Phosphate-buffered saline 
(PBS), CO2 for euthanasia, N-PER™ tissue protein extraction reagent (Thermo Scientific, Madison, WI, USA), and 
bicinchoninic acid (BCA) protein assay kits were obtained from standard suppliers. ELISA kits were obtained from ELK 
Biotechnology, Denver, CO, USA: MDA [Cat. No. RK15281], ROS [Cat. No. RK15283], (IL-1β [Cat. No. ELK1272], 
IL-6 [Cat. No. ELK1158], TNF-α [Cat. No. ELK1396], and NF-κB [Cat. No. ELK1693], caspase-3 [Cat. No. RK03549], 
and BAX [Cat. No. RK03522].

Animals and Ethics
Male Wistar rats (12 weeks old; 170–215 g) were obtained from the College of Pharmacy, Qassim University Animal 
Facility. Rats were housed individually under specific pathogen-free conditions (22 ± 2 °C, 50 ± 10% humidity, 
12 h light/dark cycle, lights on 06:00) with ad libitum access to chow and water. The animals were acclimated for 
≥7 d before experimentation. The procedures conformed to the institutional guidelines, adhered to ARRIVE 2.0, and 
were approved by the Qassim University IACUC (protocol ID: 25–19-21). Humane endpoints included >20% body 
weight loss, persistent inability to eat or drink, severe lethargy, and moribund state. At the end of the experimental 
procedures, or upon reaching a humane endpoint, animals were euthanized by CO2 inhalation using a dedicated chamber 
at a gradual displacement rate of 10–30% of the chamber volume per minute, followed by cervical dislocation as 
a secondary method to confirm death. All euthanasia procedures were performed in strict accordance with the American 
Veterinary Medical Association (AVMA) Guidelines for the Euthanasia of Animals (2020 Edition).

Drug Preparation and Administration
CIS was administered intraperitoneally (i.p.) at 5 mg/kg per injection on days 1, 4, and 7 (cumulative dose of 24 mg/ 
kg).3,5,18,19 The VS group received Entresto tablets containing 100 mg each, freshly prepared daily before administration. 
This specific dosage (60 mg/kg/day) was selected based on previous preclinical investigations demonstrating that it is 
sufficient to achieve systemic anti-inflammatory, antioxidant, and potential neuroprotective effects in rodent models 
without inducing severe hypotension. The tablets were finely ground and suspended in 10 mL of distilled water, yielding 
a concentration of 100 mg/10 mL. The dosage for each rat was determined by body weight, with each animal receiving 
60 mg/kg/day via oral gavage.20 VS dosing began on Day 1 (prophylaxis) and continued through Day 7. On CIS injection 
days (Days 1, 4, and 7), VS was administered approximately 120 minutes before CIS. The control animals received 
matched volumes of vehicle. The mortality rate and body weight were observed and recorded daily. A total of five 
animals per group were included in the final analysis, accounting for any treatment-related mortality. Following 
completion of behavioral assessments, animals underwent hippocampal tissue collection for histopathological evaluation 
and enzyme-linked immunosorbent assay (ELISA)-based biochemical analyses (Figure 1).
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Evaluation of Mortality and Body Weight Changes
Mortality and body weight were monitored daily throughout the experimental period. All animals were weighed at the 
same time each day (between 08:00 and 09:00 h) using a calibrated digital balance, and the values were recorded. Body 
weight changes were calculated as the percentage difference between the initial body weight (Day 1) and the final body 
weight (Day 8) using the following formula:

Body weight change (%) = [(Final body weight − Initial body weight) / Initial body weight] × 100
Mortality was recorded daily, and the survival rate for each group was calculated as the percentage of animals 

surviving at the end of the experimental period relative to the initial number of animals per group (n = 10). The Kaplan– 
Meier survival curve was generated to illustrate the survival rate across all experimental groups.

Experimental Design, Randomization, and Blinding
Forty male Wistar rats were randomly allocated to four groups (n = 10/group) using a random number table The sample 
size of 10 animals per group was determined based on previous behavioral and biochemical studies in rodent models of 
chemobrain, which indicated this number provides sufficient statistical power (80% at α=0.05) to detect meaningful 
differences in cognitive and biochemical outcomes while accounting for potential CIS-induced mortality. Allocation 
concealment was ensured through sealed opaque envelopes prepared by an independent investigator who was not 
involved in the study conduct or data analysis:

1. Control (saline)
2. VS (sacubitril/valsartan alone)
3. CIS (cisplatin alone)
4. CIS+VS (cisplatin + sacubitril/valsartan)

Experimenters were blinded to group allocation for behavioral scoring and ELISA analyses, and an independent 
technician coded the cages. Pre-specified exclusion criteria were as follows: (<) 3 total arm entries in the Y-maze test 
session (hypoactivity), exploration time <10 s across both objects in NORT, or technical assay failure.

Figure 1 Experimental timeline of sacubitril/valsartan (VS) and cisplatin (CIS) treatment protocol.
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Behavioral Testing
Behavior was assessed during the light phase by a blinded assessor in a quiet room under uniform illumination. The 
apparatus was cleaned with 70% ethanol between trials to minimize olfactory cues. Tests were conducted in the following 
order, with ≥24 h between paradigms: Y-maze (training/test on Day 8) → NORT (familiarization and test on Day 9). 
Behavioral assessments were performed on Days 8 and 9. On these days, VS was administered after the completion of 
behavioral testing to minimize potential acute pharmacological effects on cognitive performance. Tissue collection was 
performed 24 hours after the final treatment (Day 7).

Y-Maze
A three-armed maze (50 × 10×15 cm; 120° between arms) with a painted matte brown was used. Visual cues (circles, 
triangles, and Xs) were placed on the walls. Training (15 min): one arm was blocked, and the rats explored the start arm 
and one open arm—inter-trial interval: 3 h in the home cage. In the test session, rats were confined to the start arm for 
5 min, then allowed to freely explore all three arms for 5 min. The trials were video-recorded and scored offline by two 
blinded raters (inter-rater ICC > 0.9). Arm entry was defined as entry of >50% of body length. Outcomes: (i) novel-arm 
entries, (ii) time spent in novel arm (s), and (iii) total arm entries (locomotor control) (Figure 2A).21

Novel Object Recognition Test (NORT)
Testing was performed in a wooden open field (41 cm × 41 cm × 41 cm). Habituation: 24 h free exploration (no objects). 
Familiarization (15 min): Two identical objects (ceramic teacups) were placed equidistant from the walls; object identity and 
positions were counterbalanced across rats. Inter-trial interval: 3 h. Test (5 min): one familiar object was replaced with a novel 
rectangular box of similar volume; positions were counterbalanced. Exploration was defined as sniffing or directing the nose to 
an object ≤2 cm; sitting on or leaning against an object was not scored. Outcomes: Time with novel objects, and discrimination 
index (DI) = (T_novel − T_familiar)/(T_novel + T_familiar). Animals with a total exploration time of <10 s were excluded per 
protocol. All trials were video-recorded and scored offline by two independent assessors who were blinded to the treatment 
conditions, ensuring unbiased evaluation. An inter-rater reliability analysis was performed to ensure consistency between scorers 
(Figure 2B).22

Figure 2 Schematic representation of the behavioral assessment procedures used in this study. (A) Y-maze spontaneous alternation test. (B) Novel Object Recognition 
(NOR) test.
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Tissue Collection and Processing
Following behavioral testing, five animals per group (n = 5) that survived to the predetermined experimental endpoint 
were included in the final analyses. For each animal, one hippocampus (one hemisphere) was fixed in 10% neutral- 
buffered formalin for histopathological processing, which included paraffin embedding and hematoxylin and eosin 
(H&E) staining. The contralateral hippocampus was rapidly snap-frozen in liquid nitrogen and stored at −80 °C for 
subsequent biochemical analyses. This design ensured that both histological and biochemical outcomes were obtained 
from the same animals. Frozen hippocampal tissues were homogenized on ice using a Qsonica probe homogenizer (30 
Hz; Qsonica LLC, Newtown, CT, USA) in N-PER extraction buffer supplemented with protease and phosphatase 
inhibitors (1:100). Homogenates were centrifuged at 12,000 × g for 10 min at 4 °C, and the resulting supernatants 
were collected. Total protein concentration was determined using the BCA assay, and all ELISA results were normalized 
to total protein content and expressed as pg or ng per mg protein.

ELISA for Neuroinflammation, Oxidative Stress, and a Supportive Indicator of 
Apoptotic Signaling Measurements
Hippocampal levels of oxidative stress markers, inflammatory cytokines, and apoptosis-related proteins were quantified 
using commercially available sandwich ELISA kits (ELK Biotechnology, Denver, CO, USA) according to the manu
facturer’s instructions.

Oxidative Stress Markers
Reactive oxygen species (ROS) levels were measured using an ELISA kit (Cat. No. RK15283). This assay is based on the 
principle of competitive enzyme immunoassay, where ROS in the sample competes with a fixed amount of ROS on the solid 
phase for binding sites of the anti-ROS antibody. ROS concentrations were expressed as U/mL.3,23 Malondialdehyde (MDA), 
a biomarker of lipid peroxidation, was quantified using an ELISA kit (Cat. No. RK15281). The assay utilizes a double- 
antibody sandwich technique, where MDA in the sample binds to a pre-coated capture antibody and is subsequently detected 
by a biotinylated secondary antibody. MDA levels were normalized to total protein content and expressed as pg/mg protein.3,5

Inflammatory Markers
Pro-inflammatory cytokines, including tumor necrosis factor-alpha (TNF-α; Cat. No. ELK1396), interleukin-1 beta (IL- 
1β; Cat. No. ELK1272), interleukin-6 (IL-6; Cat. No. ELK1158), and total nuclear factor kappa B (NF-κB; Cat. No. 
ELK1693) protein levels were measured using their respective ELISA kits.

Apoptotic Markers
Total caspase-3 protein (Cat. No. RK03549) and Bcl-2-associated X protein (BAX; Cat. No. RK03522) levels were 
quantified as indicators of apoptotic signaling.

For all assays, 50 µL of hippocampal homogenate supernatant or standard was added to the appropriate wells and 
incubated at 37°C. Following washing steps, biotinylated detection antibody and streptavidin-horseradish peroxidase 
(HRP) conjugate were added sequentially. Color development was achieved using 3,3′,5,5′-tetramethylbenzidine (TMB) 
substrate, and the reaction was terminated with stop solution. The optical density was measured at 450 nm using an 
ELx800 microplate reader (BioTek, Winooski, VT, USA). Concentrations were calculated from standard curves, and all 
results were normalized to total protein content determined by bicinchoninic acid (BCA) assay.

Histopathology Evaluation and Scoring of Hippocampus Injury
Hippocampal samples (n=5) were immediately fixed in 10% neutral buffered formalin for a duration of 24–48 hours. Following 
fixation, the tissues were dehydrated through a graded ethanol series, cleared in xylene, and embedded in paraffin wax. Serial 
coronal sections, with a thickness of 4–5 μm, were prepared using a rotary microtome. These sections were mounted on glass 
slides, deparaffinized, rehydrated, and stained with hematoxylin and eosin (H&E) according to standard histological procedures. 
Semi-quantitative assessment of hippocampal neuronal injury was performed using ImageJ software (Fiji distribution, National 
Institutes of Health, USA). Digitized H&E-stained images were captured under identical magnification and illumination settings 
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and calibrated using the scale bar. A standardized region of interest (ROI) was placed over the CA1 pyramidal layer, and neurons 
exhibiting morphological features of injury, such as nuclear pyknosis, cytoplasmic eosinophilia, and shrunken cell bodies, were 
quantified using the Cell Counter plugin. Injury scores were assigned based on the severity and extent of neuronal degeneration. 
The scale ranges from 0 (none) to 4 (severe). All slides were examined in a blinded manner, and the mean score was used for 
analysis. The stained slides were examined under a light microscope at 400X magnification, and representative images were 
captured.

Outcomes
The primary outcomes were survival, body weight changes, cognitive performance (Y-maze novel-arm time and entries; 
NORT-DI), and hippocampal inflammatory marker levels (TNF-α, IL-1β, IL-6, and total NF-κB). The secondary 
outcomes included mitochondrial, ROS, MDA, caspase-3, and Bax levels.

Data Analysis
All data are expressed as the mean ± standard error of the mean (SEM). Prior to analysis, the normality of the data 
distribution was assessed using the Shapiro–Wilk test. Following confirmation of normal distribution, one-way analysis 
of variance (ANOVA) was applied, followed by Tukey’s post-hoc test. Statistical analyses were performed using 
GraphPad Prism 10.6. One-way analysis of variance (ANOVA) was applied, followed by Tukey’s post-hoc test. 
Statistical significance was set at p < 0.05. The group comparisons of the histopathological injury scores were performed 
using the Kruskal–Wallis test, followed by Dunn’s post hoc test.

Result
Effect of CIS and VS Treatments on the Survival Rate
CIS treatment affected the survival rates, with a 50% mortality rate observed in the CIS-treated rat cohort. Conversely, 
the CIS + VS group exhibited a 60% mortality rate following the 8-day treatment period (Figure 3).

Effect of VS Treatment on CIS-Induced Loss in Body Weight
The CIS and CIS+VS treatments resulted in a gradual reduction in body weight throughout the 10-day study period 
(approximately 16% and 11%, respectively). In contrast, the control and VS-alone groups showed an increase in body 
weight (approximately 11% and 7%, respectively) (Figure 4).

Effect of VS Treatment on CIS-Induced Cognitive Impairment in the Y-Maze
Analysis of entries into the novel arm of the Y-maze revealed significant differences between groups (Figure 5A). The 
control group comprised approximately five entries. The VS group had significantly fewer entries (2.5, p < 0.01 
compared to the control. The CIS group also showed a reduction in entries (1.8), although this was not statistically 

Figure 3 Effects of CIS and VS on survival. The survival rate of the rats was determined after 10 days of treatment with CIS, VS, CIS+VS, and the control. Data represent 
mean ± SEM (n = 10 for each group). CIS, Cisplatin; VS, Sacubitril/Valsartan.
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significant compared with the control group. The CIS + VS group had the fewest entries, approximately 0.5, which was 
significantly lower than the control group (p < 0.01).

The time spent in the novel arm also varied significantly between groups (Figure 5B). The control group spent 
approximately 75s in the novel arm. This was significantly higher than that in the VS group (25 s, p < 0.05) and CIS 
group (20 s, p < 0.05). The CIS+VS group also spent less time in the novel arm (~25 s), which was comparable to the VS 
and CIS groups but did not differ significantly from the control group in the analysis.

Figure 4 Effects of CIS and VS on body weight. The body weights of the rats were determined during the study period, before and after treatment with CIS, VS, and CIS 
+VS, and the control. CIS, Cisplatin; VS, Sacubitril/Valsartan.

Figure 5 Y-maze performance across experimental groups. (A) Number of entries to the novel arm. (B) Time spent in the novel arm (seconds). (C) Total number of entries 
into all arms. Data are presented as mean ± SEM (n=5) for each group: Control, VS (Sacubitril/Valsartan), CIS (cisplatin), and CIS+VS (combined treatment). Statistical 
significance: * p < 0.05, ** p < 0.01 compared to control; ns, not significant.

https://doi.org/10.2147/DDDT.S561133                                                                                                                                                                                                                                                                                                                                                                                                                                       Drug Design, Development and Therapy 2026:20 8

Alshammari et al                                                                                                                                                                    

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Finally, the total number of entries into all the arms of the maze was examined as a measure of general locomotor 
activity (Figure 5C). The control group had approximately 11.5 entries. While the VS (7.5 entries) and CIS (6 entries) 
groups showed a trend toward reduced activity, neither group differed significantly from the control group. However, the 
CIS+VS group made significantly fewer total entries (~3 entries, p < 0.01 compared to the control), indicating 
a substantial reduction in overall locomotor activity.

Effect of VS Treatment on the CIS Novel Object Recognition Test
There was a significant effect of treatment on the time spent exploring novel objects (Figure 6). The control group spent 
approximately 34 seconds engaging in this behavior. In contrast, the CIS group showed a significant reduction in 
exploration time to approximately 10s (p < 0.01 compared to the control). An even greater reduction was observed in the 
combined CIS+VS group, which spent only approximately 5 s exploring the novel objects (p < 0.01 compared to the 
control group). The VS group also showed a trend towards reduced exploration (~24 s), but this was not statistically 
significant compared to the control group. No significant differences were found between the VS, CIS, and CIS + VS 
groups (Figure 6A). To further assess recognition memory, the Discrimination Index (DI) was calculated. The analysis 
revealed a significant effect of treatment on the DI. The CIS and CIS+VS groups showed a significantly lower DI 
compared to the control group (p < 0.01), indicating impaired discrimination between the novel and familiar objects. 
There was no significant difference in the DI between the CIS and CIS+VS groups, suggesting that sacubitril/valsartan 
did not rescue the cognitive deficit induced by CIS (Figure 6B).

Effect of VS in Conjunction with CIS on Oxidative Stress Markers in Rat Hippocampal 
Tissues
In the CIS-treated group, ROS and MDA levels were significantly increased compared with those in the VS alone and the 
control groups. Furthermore, the CIS+VS-treated groups showed no significant difference in ROS and MDA levels when 
compared with the CIS group (Figure 7A and B).

Effect of VS Treatment on CIS-Induced Neuroinflammation
The results demonstrated significantly increased total NF-κB, TNF-α, IL-1β, and IL-6 protein levels in both CIS and CIS 
+ VS treatment groups, relative to the control; however, the levels of these proteins were comparably elevated in the CIS 
+ VS group. Protein levels were normalized to the total protein content and expressed as a percentage of the control 
group (set at 100%) (Figures 8A and 7B).

Figure 6 Novel Object Recognition Test Performance. (A) Time spent exploring the novel object and (B) the Discrimination Index (DI) across the four treatment groups: 
Control, VS (Sacubitril/Valsartan), CIS (cisplatin), and CIS+VS (combined treatment). Data are presented as mean ± SEM (n=5 per group). Statistical significance was 
determined by one-way ANOVA with Tukey’s post-hoc test. *p < 0.05, **p < 0.01 compared to the control group; ns, not significant.
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Figure 7 Effect of VS administration on CIS-induced alterations in oxidative stress markers. (A) ROS, and (B) MDA in rat hippocampal tissue. Data are expressed as the 
mean ± SEM (n=5) and analyzed using one-way ANOVA followed by Tukey’s post hoc test, with statistical significance set at ***p < 0.001, ****p < 0.0001, compared with 
the control group; ns, not significant.

Figure 8 Effects of CIS and VS on TNF-α and IL-1β expression in the rat hippocampus. The effects of CIS and VS on (A) total NF-κB, (B) TNF-α, (C) IL-1β, and (D) IL-6 
levels in the rat brain were evaluated by ELISA after 10 days of treatment with CIS, VS, and CIS+VS (the control group did not receive any treatment). Data are expressed as 
the mean ± SEM (n=5) and analyzed using one-way ANOVA followed by Tukey’s post hoc test, with statistical significance set at ****p < 0.0001, ***p < 0.001, **p < 0.01, and 
*p < 0.05 compared with the control group; ns, not significant.
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Effect of VS in Conjunction with CIS on Apoptotic Markers in Rat Hippocampal 
Tissues
In the CIS-treated group, caspase-3 and BAX levels were significantly increased compared with those in the VS-alone or 
control groups. However, CIS+VS administration resulted in a significant elevation in caspase-3 compared with all other 
groups. Further, no significant difference was observed in BAX when compared with the CIS group (Figure 9A and B).

Hippocampal Histopathology (CA1 Region)
Hematoxylin and eosin (H&E)-stained sections of the hippocampus demonstrated distinct structural changes in the CA1 
pyramidal layer that were dependent on the treatment administered. In Panels A and B, the pyramidal cell layer was 
intact, compact, and well-organized, with neurons densely packed and exhibiting normal morphology. The neuronal soma 
appeared round with clear nuclei, and there was no evidence of pyknosis, shrinkage, or dropout. The surrounding 
neuropil displayed a uniform texture, devoid of vacuolation or edema. The findings suggest that the CA1 region exhibits 
normal cytoarchitecture with no observable neuronal damage. Conversely, the group treated with CIS (Panel C) displayed 
significant neurodegenerative alterations, characterized by neuronal pyknosis, cytoplasmic eosinophilia, reduced com
pactness and organization, diminished pyramidal cell density, and extensive neuropil rarefaction. The VS+CIS group 
(Panel D) showed similarly pronounced structural damage, including extensive neuronal degeneration, disorganization of 
the CA1 layer, and widespread neuropil rarefaction, indicating that VS did not provide structural protection against CIS- 
induced neurotoxicity (Figure 10A). The combination of VS with CIS showed no difference in injury scores compared 
with those seen with CIS treatment alone (Figure 10B).

Discussion
Cisplatin remains the cornerstone of chemotherapy for various solid tumors; however, its clinical utility is frequently 
hampered by severe dose-limiting side effects, including debilitating neurotoxicity and cognitive impairment, often 
termed “chemobrain”.1,2 The present study was designed to investigate whether sacubitril/valsartan (VS) could offer 
a potential neuroprotective effect against CIS-induced neurotoxicity in a rat model. Our findings demonstrate that CIS 
administration resulted in a marked reduction in body weight throughout the experiment, likely due to anorexia, 
gastrointestinal toxicity, and systemic inflammation associated with its use. The survival rate was approximately 50% 
in the CIS group and 60% in the CIS+VS group, whereas all animals in the control and VS groups survived (100%). 

Figure 9 Effect of VS administration on CIS-induced alterations in apoptotic markers. (A) BAX and (B) caspase-3 in rat hippocampal tissue. Data are expressed as the mean 
± SEM (n=5) and analyzed using one-way ANOVA followed by Tukey’s post hoc test, with statistical significance set at ***p < 0.001, ****p < 0.0001, and *p < 0.05 compared 
with the control group; ns, not significant.
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These findings indicate the systemic toxicity of CIS and confirm the validity of this model for studying chemotherapy- 
induced complications.21,24

To evaluate the effects of cisplatin (CIS) and sacubitril/valsartan (VS) on cognitive performance, a battery of 
hippocampal-dependent behavioral tasks was conducted. In the Y-maze test, a well-established paradigm for assessing 
spatial working memory,25 the neurotoxic impact of CIS was clearly demonstrated. Specifically, rats administered CIS 
exhibited a statistically significant reduction in both the number of entries into the novel arm and the time spent within it, 
as compared to the vehicle-treated control group. This outcome signifies a pronounced cognitive deficit, whereas the 
control group displayed intact cognitive function. The concurrent administration of VS with CIS failed to reverse these 
behavioral impairments. To rule out the possibility that these deficits were a mere consequence of reduced physical 
activity, locomotor function was assessed by quantifying the total number of arm entries. Interestingly, the group 
receiving the combined VS and CIS treatment was the only group to show a significant decrease in total arm entries 
when compared to the control group, with no significant differences observed among the other experimental groups. This 
reduction in locomotor activity in the VS+CIS group is hypothesized to be a consequence of the observed synergistic 
elevation in oxidative stress and apoptosis.

To further investigate the cognitive repercussions, the Novel Object Recognition (NOR) test was employed to assess 
short-term recognition memory. The results of this test corroborated the findings from the Y-maze, revealing that rats in 
both the CIS and the CIS+VS treatment groups spent significantly less time exploring the novel object in comparison to 
the control group. To provide a more robust measure of recognition memory, a Discrimination Index (DI) was calculated. 
This analysis revealed that both the CIS and CIS+VS groups had a significantly lower DI than the control group, 
indicating a profound impairment in the ability to discriminate between novel and familiar objects. Critically, there was 
no statistically significant difference in the DI between the CIS and CIS+VS groups, which strongly suggests that the co- 
administration of VS did not confer any therapeutic benefit or alleviate the cognitive deficits induced by CIS. These 
behavioral findings collectively confirm the presence of significant cognitive impairment resulting from CIS adminis
tration, a conclusion that is in alignment with previous research in the field.5

Figure 10 Representative histological images of CA1 hippocampal sections stained with hematoxylin and eosin (scale bar = 50 µm) are presented. (A) The control group 
displays normal histoarchitecture of the pyramidal cell layer with intact neuronal morphology. The VS-treated group exhibits preserved neuronal density and architecture. 
The CIS-treated group demonstrates significant neuronal injury (indicated by arrows), characterized by shrunken eosinophilic neurons, nuclear pyknosis, widespread 
vacuolated neuropil, and disorganization of the pyramidal cell layer. The CIS+VS-treated group shows severe neuronal degeneration and loss of pyramidal cell organization 
(indicated by arrows), with no significant improvement compared to the CIS group. (B) The hippocampal injury score. The quantitative hippocampal injury score was 
obtained using ImageJ-based analysis, and data are presented as mean ± SEM (n=5). The histopathological injury scores were evaluated using the Kruskal–Wallis test, 
followed by Dunn’s post hoc test at ****p < 0.0001, compared with the control group; ns, not significant.
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Our biochemical findings provide a plausible mechanistic basis for the observed behavioral deficits, particularly the 
decreased locomotor activity in the VS+CIS-treated animals. In our investigation, the administration of CIS markedly 
increased ROS production and MDA levels within the hippocampus, supporting the recognized role of oxidative damage 
in CIS-induced neurotoxicity.26 However, the simultaneous administration of VS failed to mitigate these oxidative 
changes; in fact, the VS+CIS group showed even higher ROS production than the CIS group alone, demonstrating 
that VS was ineffective in influencing CIS-induced oxidative stress pathways and potentially aggravated them. This 
exacerbation of oxidative stress is critical, as excessive ROS generation is known to trigger mitochondrial dysfunction 
and activate intrinsic apoptotic pathways, ultimately increasing caspase-3 activity.27,28 Consistent with this, our findings 
demonstrated that caspase-3 levels were significantly higher in the VS+CIS group than in the CIS group, indicating 
enhanced neuronal apoptosis. This synergistic rise in both oxidative stress and apoptosis can impair neuronal circuits 
involved in locomotion, motivation, and exploratory behavior.29 Given that CIS neurotoxicity is strongly driven by ROS- 
mediated apoptotic mechanisms,25 which appear to be amplified when combined with VS, animals in the VS+CIS group 
likely experience greater neurotoxicity. This is evidenced by reduced spontaneous activity and explains their significantly 
lower number of arm entries compared with the CIS group. Thus, the combined elevation of ROS and caspase-3 offers 
a coherent explanation for the heightened behavioral impairment observed in the VS+CIS-treated animals.

Beyond the oxidative stress profile, the rise in inflammatory biomarkers, including IL-6, IL-1β, TNF-α, and NF-κB, is 
linked to the CNS injury and cognitive behavioral deficits.30 Our study observed a significant increase in these 
biomarkers within the CIS group compared to the control group, corroborating previous findings of elevated neuroin
flammatory markers.23 The production of TNF-α further stimulated the synthesis of additional inflammatory mediators 
via NF-κB activation, leading to elevated IL-1β and IL-6 levels. This neuroinflammatory cascade is closely associated 
with the onset of cognitive impairment and suggests that effective neuroprotective strategies must address this complex 
cytokine network rather than targeting a single pathway.31 Furthermore, the CIS+VS group did not exhibit a significant 
effect on inflammatory cytokine markers compared with the CIS group alone. This observation indicates that the drug did 
not protect by reducing levels of inflammatory markers, which contrasts with previous studies on cardiac tissue that 
reported reductions in inflammation.32

It is important to acknowledge a key limitation in our assessment of the NF-κB pathway. In this study, we quantified 
total NF-κB protein levels. This measurement does not distinguish between the inactive cytosolic and active nuclear 
forms of NF-κB. To definitively characterize the activation state of this pathway, future studies must determine the 
phosphorylated forms of the p65 subunit and its inhibitor IκBα, which would provide direct evidence of transcriptional 
activation. The activation of NF-κB is a complex process involving the phosphorylation and subsequent degradation of 
its inhibitory subunit, IκBα, which permits the translocation of the active p65 subunit to the nucleus. Therefore, while our 
findings indicate an upregulation of total NF-κB protein, which may contribute to a heightened inflammatory state, they 
do not provide conclusive evidence of increased NF-κB-mediated transcription. Future studies should incorporate more 
specific methods, such as Western blot analysis of phosphorylated p65 and IκBα levels or electrophoretic mobility shift 
assays (EMSA), to definitively characterize the activation state of the NF-κB signaling pathway in this model.

Our findings summarize that while VS provides robust anti-inflammatory, antioxidant, and anti-apoptotic protection in 
the heart,32–34 it fails to confer similar benefits in the brain during CIS-induced neurotoxicity. This is further elucidated in 
the context of apoptosis-related signaling, where VS did not protect the hippocampus against CIS-induced cell death. 
Although total caspase-3 levels were elevated in the CIS+VS group compared with CIS alone, this finding should be 
interpreted as reflecting an altered apoptotic signaling potential rather than a definitive enhancement of executioner 
caspase activation, as cleaved caspase-3 was not specifically assessed. This suggests a dysregulation of apoptosis-related 
pathways without conclusive evidence of an additive or synergistic pro-apoptotic interaction. Several organ-specific 
pharmacokinetic and mechanistic factors may account for this discrepancy. Firstly, VS exhibits limited penetration across 
the BBB, leading to reduced CNS drug exposure and inadequate modulation of neuroinflammatory, oxidative, and 
apoptotic pathways.35 Secondly, CIS-induced neurotoxicity is predominantly mediated by microglial activation, mito
chondrial oxidative stress, and DNA-damage–driven apoptotic signaling, which are mainly independent of the renin- 
angiotensin-aldosterone system (RAAS) and thus exhibit limited responsiveness to VS.33,36 Thirdly, the sacubitril- 
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mediated enhancement of natriuretic peptide signaling, a crucial anti-inflammatory and anti-fibrotic mechanism in the 
myocardium, is significantly weaker in the CNS due to lower receptor density and restricted peptide access.37

Histopathological examination of the hippocampal CA1 region revealed a distinct, graded pattern of neuronal 
vulnerability across the analyzed panels, indicative of progressive structural deterioration due to neurotoxic insult. In 
the control and VS treated groups exhibited preserved cytoarchitecture, characterized by a compact, uninterrupted 
pyramidal cell layer, indicating the integrity of hippocampal neurons under non-injurious conditions. This normal 
morphology aligns with existing literature on healthy CA1 neurons. Conversely, CIS treated group showed degen
erative changes, including reduced neuronal density and focal pyknosis. These alterations indicate stages of neuronal 
distress, often associated with oxidative stress, mitochondrial dysfunction, or excitotoxic signaling. The observed 
loosening of the neuropil in this panel may further suggest edema or synaptic compromise, a phenomenon identified 
as a precursor to more extensive neuronal degeneration in hippocampal injury models. The most severe alterations 
were observed in VS + CIS group, where pronounced neuronal dropout, shrunken hyperchromatic nuclei, and 
disruption of the pyramidal layer confirmed moderate CA1 neurodegeneration. The combination of architectural 
disorganization and neuropil rarefaction suggests ongoing apoptotic and necrotic processes. These findings are 
consistent with the present study, demonstrating that the VS+CIS treatment resulted in significantly higher caspase- 
3 and oxidative ROS production compared to CIS treatment alone, highlighting the particular vulnerability of this 
region to metabolic stress and chemotherapeutic neurotoxicity due to its high energy demand and limited antioxidant 
defenses.

This study has several significant strengths. One of the primary strengths is the uniform application of the same 
animal strain, age range, and sex, which effectively reduces biological variability. Additionally, while the cardioprotec
tive effects of VS have been extensively documented in the literature, this study is unique in its focus on evaluating VS’s 
effects on oxidative stress, neuroinflammation, apoptotic pathways, and cognitive function, specifically in rats treated 
with CIS. This study notably integrated behavioral assessments with biochemical analyses of the hippocampus, thereby 
providing a comprehensive understanding of functional changes in the brain. However, the study faced certain limita
tions. The lack of a treatment group receiving only valsartan restricts the ability to discern whether the absence of 
a neuroprotective effect was due to neprilysin inhibition, angiotensin receptor blockade, or a possible pharmacodynamic 
interaction between these mechanisms. Another methodological limitation is the use of commercially available Entresto® 

tablets rather than a mixture of raw sacubitril/valsartan active pharmaceutical ingredients. While this approach mimics 
clinical administration, we cannot definitively rule out the possibility that tablet excipients may have influenced the 
physiological responses in the treated animals. Future mechanistic studies should utilize pure compounds to ensure all 
observed effects are strictly related to the active mixture. The primary aim of this study was to evaluate the combined 
effects of sacubitril/valsartan administered as a fixed-dose combination, reflecting its clinical application. However, 
future studies that include only a valsartan treatment group would yield important mechanistic insights. The findings 
revealed that VS did not provide neuroprotection, underscoring the significant tissue-specific limitations of neprilysin 
inhibition and informing the development of future neuroprotective therapies.

In addition to the limitations discussed above, it is important to acknowledge that the cumulative CIS exposure in this 
acute experimental model was associated with notable mortality, which may limit its suitability for modeling chronic 
chemotherapy-related cognitive impairment. Accordingly, future studies aiming to investigate long-term chemobrain 
should consider lower-dose, longer-duration CIS regimens that more closely reflect chronic clinical chemotherapy 
exposure while minimizing systemic toxicity. Furthermore, NF-κB was assessed using an ELISA-based approach that 
quantifies total protein levels but does not directly assess nuclear translocation, DNA-binding activity, or transcriptional 
activation of downstream target genes. Consequently, the NF-κB findings should be interpreted as reflecting changes in 
the potential for inflammatory signaling rather than definitive pathway activation. Future studies incorporating nuclear 
fractionation, Western blot analysis, immunolocalization, or gene expression profiling of NF-κB–regulated targets would 
provide more conclusive mechanistic insight. Similarly, apoptosis was assessed by measuring total caspase-3; evaluating 
the cleaved (active) form would further strengthen conclusions regarding executioner caspase activation. Another 
limitation of this study is the absence of neuromodulatory markers such as BDNF and CREB, which are key regulators 
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of hippocampal synaptic plasticity and memory; future studies incorporating these markers would provide additional 
insight into the neurocognitive consequences of CIS treatment.

In summary, this research establishes that CIS induces significant behavioral impairments, accompanied by marked 
oxidative stress, neuroinflammation, and alterations in apoptosis-related signaling. Notably, the study reveals that co- 
administration of sacubitril/valsartan does not alleviate these toxic effects across the assessed parameters. These findings 
highlight that the neuroprotective potential of neprilysin inhibition differs from its well-recognized cardioprotective 
benefits. Further investigation using more precise molecular and cellular approaches is warranted to clarify the under
lying mechanisms.
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