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Abstract 

Umbelliferone (UF), a natural coumarin derivative, possesses antioxidant and anti-inflammatory actions. 
Acrylamide (ACR) is a known neurotoxic compound that induces oxidative stress, inflammation, and apoptotic 
cell death, contributing to neurotoxic damage. This study aimed to assess the potential neuroprotective effects of 
UF against ACR-induced brain damage in mice. Mice received UF (25 or 50 mg/kg, orally) for 14 days, followed 
by ACR (50 mg/kg, intraperitoneally) for the last 11 days. ACR exposure significantly increased malondialdehyde 
and protein carbonyl contents and decreased reduced glutathione levels and superoxide dismutase and catalase 
activities in the brain. Hematoxylin and eosin staining assessments revealed pronounced histological alterations 
in the brains of ACR-injected animals, indicating severe neurotoxic damage. The brains of ACR-administrated 
animals also showed increased nuclear factor-kappa B (NF-κB) p65 expression and elevated tumor necrosis fac-
tor-alpha and interleukin-1β levels. ACR exposure resulted in significantly increased Bax and caspase-3 levels 
and decreased Bcl-2 levels in the brain. Overall, UF treatment ameliorated histopathological changes, mitigated 
oxidative stress, enhanced cellular antioxidants, suppressed NF-κB p65 and inflammatory mediators, modulated 
apoptotic markers (Bcl-2, Bax, and caspase-3), and restored Nrf2/HO-1 in the brain. In conclusion, UF exerts sig-
nificant neuroprotective effects against ACR-induced brain injury by modulating Nrf2/HO-1 signaling and mit-
igating inflammation, oxidative stress, and apoptosis. These findings suggest that UF may represent promising 
neuroprotective effects against ACR-induced neurotoxicity and potentially other brain injuries driven by oxida-
tive stress and inflammation.
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Introduction

Acrylamide (ACR) is a widely recognized industrial 
chemical that has gained attention due to its forma-
tion in heat-processed foods rich in carbohydrates (Fan 
et  al., 2023). Literature has demonstrated its genotoxic, 
carcinogenic, and neurotoxic effects in different animal 
species (Cota et al., 2022; Exon, 2006; Fan et al., 2023).  

The human body is exposed to these neurotoxins 
through diet, lifestyle, occupation, and environmental 
sources, resulting in neurotoxic effects such as ataxia, 
peripheral neuropathy, and neurodegenerative diseases 
(Erkekoglu and Baydar, 2014; Semla et  al., 2017). Due 
to ACR’s ability to cross the blood-brain barrier, it has 
toxic effects on the central nervous system (CNS) by 
increasing oxidative stress, inflammation, and apoptosis 
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(Koszucka et  al.,  2020; Rajeh, 2024; Sharma and Kang, 
2020; Zhao et al., 2022b). Oxidative stress is one of the 
leading mechanisms by which ACR causes neurotox-
icity by overproducing reactive oxygen species (ROS) 
(Santhanasabapathy et al., 2015; Zhao et al., 2022a; Zhao 
et  al., 2022b). Furthermore, ACR-induced oxidative 
stress also triggers neuroinflammation by activating the 
nuclear factor-kappa B (NF-κB) pathway, which plays 
a central role in regulating inflammatory responses in 
the brain (Guo et al., 2020; Liu et al., 2015; Zhao et al., 
2017). Activation of NF-κB results in increased produc-
tion of pro-inflammatory cytokines such as tumor necro-
sis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), and 
IL-6, which further lead to neuronal damage, disturbance 
of synaptic function, and augmented neurodegenera-
tion (He et al., 2017; Liu et al., 2020; Zhao et al., 2017; 
Zhao et  al., 2022b). In the brain, increased oxidative 
stress can lead to inflammatory responses and neuronal 
apoptosis, culminating in progressive neuronal injury 
and loss (Amirshahrokhi and Abzirakan, 2022; Poh Loh 
et al., 2006; Zhao et al., 2022b). Because of ACR’s abun-
dance in food products and its potential threat to human 
health, there is an urgent need to find effective neuro-
protective approaches that can attenuate ACR-induced 
neurotoxicity.

Plants and their derived bioactive compounds have been 
shown to possess health-promoting properties and are 
generally recognized safety as part of functional and ther-
apeutic foods (Ahmed et al., 2025; Alotaibi et al., 2024; 
Samtiya et al., 2021). Umbelliferone (UF; 7-hydroxycou-
marin) is a bioactive molecule of natural coumarins that 
is mainly found in plants from Apiaceae and Rutaceae 
families (Mazimba, 2017). This compound is hailed 
for its several pharmacological actions such as antiox-
idant, anti-inflammatory, neuroprotective, cardiopro-
tective, hepatoprotective, and nephroprotective effects​ 
(Cota et  al., 2022; Germoush et  al., 2018b; Mahmoud 
et  al., 2017; Mahmoud et  al., 2019; Seong et  al., 2019; 
Yang et  al., 2023; Zhou et  al., 2023). Recently, UF has 
been shown to protect against ACR-induced acute kid-
ney injury in rats by attenuating oxidative damage and 
inflammation, boosting antioxidant defenses, and mod-
ulating nuclear factor erythroid 2-related factor 2 (Nrf2)/ 
heme oxygenase-1 (HO-1) pathway (Ageena et al., 2025). 
UF was also able to prevent isoproterenol-induced myo-
cardial injury in rats by restoring Nrf2/HO-1 signaling 
and reducing oxidative stress, inflammation, and apop-
tosis (Althunibat et  al., 2022). Besides, UF protected 
against cerebral ischemic injury by promoting mitoph-
agy both in vivo and in vitro (Zhou et al., 2023). UF has 
also been shown to prevent the brain ischemic injury via 
inhibiting NF-κB-mediated inflammation in rats (Liang 
et  al., 2021). Several studies suggested that UF’s ability 
to protect against tissue injury are largely attributed to 
its ability to scavenge ROS and to enhance endogenous 

antioxidant defense mechanisms through modulation of 
Nrf2/HO-1 (Ageena et al., 2025; Althunibat et al., 2022; 
Germoush et al., 2018b; Hassanein et al., 2020; Mahmoud 
et al., 2017; Mazur et al., 2021). Nrf2 is considered a key 
cytoprotective factor that is known to regulate antiox-
idant defenses (Ngo and Duennwald, 2022; Wang et al., 
2022) and its modulation was shown the ability to pro-
tect against ACR-induced brain damage (Ekuban et  al., 
2021; El-Shehawi et al., 2022). Importantly, UF has been 
reported to be safe with no significant toxic side effects 
and it has the ability to cross the blood-brain barrier 
(Cruz et al., 2020; Subramaniam and Ellis, 2013), suggest-
ing that it could be a promising candidate for protecting 
against ACR-induced brain damage.

Although UF has been reported to exhibit a multitude of 
pharmacological effects, its protective effect against ACR-
induced brain injury has not been fully explored. This 
study assessed the neuroprotective effects of UF, focusing 
on its ability to attenuate oxidative stress, inflammation, 
and apoptosis, with particular attention to the possible 
role of the Nrf2/HO-1 signaling pathway. These findings 
shed light on the neuroprotective properties of UF, sug-
gesting it could serve as a promising adjuvant candidate 
for mitigating toxin-induced brain injuries.

Materials and Methods

Animals and treatment

Animal protocols in this study adhered to the National 
Institutes of Health (NIH) Guide for the Care and Use of 
Laboratory Animals and were approved by the Research 
Ethics Committee at King Faisal University (KFU-REC-
2025-ETHICS3178). Thirty Swiss albino mice (25–28 g) 
were used in the study, housed at 23 ± 2 °C with 12h 
light-dark cycles and free access to food and water. Seven 
days before experimentation, the animals were allowed to 
acclimatize to the experimental conditions. We random-
ized the mice into 5 groups (n=6) as follows: 

Group I (Control): Mice orally received 0.5% CMC 
for 14 days followed by normal saline injections 
(intraperitoneal; i.p.) from the 4th to the 14th day.

Group II (UF 50): Mice orally received UF (50 mg/
kg/day suspended in 0.5% CMC) for 14 days.

Group III (ACR): Mice were injected (i.p.) with ACR 
(50 mg/kg/day, dissolved in normal saline) from the 
4th to the 14th day.

Group IV (UF 25+ACR): Mice were orally adminis-
tered with UF (25 mg/kg/day, 14 days) and ACR (i.p.) 
(50 mg/kg/day, 4th to 14th day).
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(Bancroft and Gamble, 2008). The slides were then exam-
ined by a histopathologist under a Leica DFC camera-
fitted Leica microscope.

Oxidative stress markers and antioxidants in the brain 

Malondialdehyde (MDA) (Ohkawa et  al., 1979) and 
protein carbonyl (Levine et  al., 1990) contents in the 
brain were determined as previously outlined methods. 
Antioxidant defenses, including reduced glutathione 
(GSH) levels (Griffith, 1980) and superoxide dismutase 
(SOD) (Spitz and Oberley, 1989) and catalase (CAT) 
(Aebi, 1984) activities, were determined in the brain as 
previously outlined methods. The brain content of HO-1 
was measured using enzyme-linked immunosorbent 
assay (ELISA) according to the instructions provided 
with the kit (FineTest, Wuhan Hubei, China). 

Brain levels pro-inflammatory cytokines, Bax, and Bcl-2

Brain levels of TNF-α and IL-1β were measured using 
ELISA according to the instructions provided with the 
kits (FineTest, Wuhan, Hubei, China). Bcl-2 and Bax con-
tents in the brain were estimated using ELISA kits pro-
vided by MyBioSource (San Diego, CA, USA), following 
the manufacturer’s instructions. 

Immunohistochemistry analysis 

Expression levels of NF-κB p65, caspase-3, and Nrf2 
proteins in brain tissues were assessed through IHC 
staining. Brain samples were dewaxed and deparaffin-
ized and subjected to antigen retrieval by immersion in 
a citrate buffer solution (50 mM, pH 6.8). The activity 
of endogenous peroxidase was inhibited by renal tissue 
incubation in hydrogen peroxide (H2O2) solution (0.3%) 
whereas non-specific antigen-antibody interactions were 
inhibited by serum incubation (20 min). Further, tis-
sues and primary antibodies were overnight incubated 
(4°C), which targeted specific proteins of interest: anti-
NF-κB p65 (1:100, Santa Cruz Biotechnology, Dallas, TX, 
USA), anti-caspase-3 (1:100, Invitrogen, Waltham, MA, 
USA), and anti-Nrf2 (1:100, Invitrogen). After washing, 
secondary antibody labeling was carried out using the 
EnVision+™ HRP polymer detection system (Dako, Santa 
Clara, CA, USA). Color development was performed 
using DAB substrate whereas Mayer’s hematoxylin car-
ried out the counterstaining. The stained slides were 
observed using a camera-equipped light microscope. 
ImageJ analysis (NIH, USA) software quantified the 
staining intensity based on the positive expression area. 
Protein expression levels in each group were quantified 
relative to the control group.

Group V (UF 50+ACR): Mice orally received UF 
(50  mg/kg/day, 14 days) and ACR (i.p.) (50 mg/kg/
day, 4th to 14th day).

The ACR (Sigma-Aldrich, St. Louis, MO, USA) doses 
and treatment protocols were selected based on earlier 
studies (LoPachin, 2005; Mehri et  al., 2014). Similarly, 
doses of UF (Santa Cruz Biotechnology, Dallas, TX, 
USA) were guided by previous studies that demon-
strated its strong antioxidant and anti-inflammatory 
properties (Althunibat et  al., 2022; Germoush et  al., 
2018a).

At the end of the experimental period, animals were 
anesthetized using an i.p. injection of xylazine (10 mg/kg) 
and ketamine (100 mg/kg). Mice were then humanely 
sacrificed, and their brains were carefully removed, 
rinsed with cold phosphate-buffered saline (PBS, 50 mM, 
pH 7.0), and divided into appropriate portions for further 
analysis. Some tissue portions were homogenized in cold 
PBS (1:10 w/v) and centrifuged, and the resultant super-
natants were used for subsequent biochemical analysis. 
The remaining samples were fixed in 10% neutral buff-
ered formalin (NBF) for histological and immunohisto-
chemical (IHC) examinations.

Gait score assessment

The gait score assessment was used to evaluate motor 
impairments and neurotoxicity-induced locomotor defi-
cits in mice. Gait scores were evaluated as previously 
described methodology (LoPachin et al., 2002). On days 
0, 7, and 14 of treatment, mice were individually placed 
on a clean, flat surface and allowed free movement for 
a 3-minute observation period. Gait abnormalities were 
assessed using a four-point scoring system: Score 1 indi-
cated normal gait with no observable abnormalities; 
Score 2 represented a slightly affected gait, characterized 
by mild foot splay, slight ataxia, and hind limb weakness; 
Score 3 reflected a moderately affected gait with reduced 
activity, more pronounced foot splay, and moderate limb 
spread during ambulation; and Score 4 indicated severe 
gait impairment, marked by foot splay, significant hind 
limb weakness, dragging of the hind limbs, and an inabil-
ity to rear. The average score for each mouse was calcu-
lated for statistical analysis.

Histological evaluation of tissue damage 

Following fixation, histological slides stained with hema-
toxylin and eosin (H&E) were prepared to assess the 
extent of tissue damage in the brains of all animal groups. 
After embedding and sectioning into 5 µm slices, the sec-
tions were then stained with H&E as previously outlined 
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cytoplasmic basophilia and marked cellular atrophy 
(Figure 2). Treatment with UF at both doses attenuated 
pathological changes in the cerebral cortex of ACR-
administered mice (Figure 2). 

UF attenuates brain oxidative stress in ACR-intoxicated 
mice

Administration of ACR resulted in a significant (P < 
0.05) increase in MDA (Figure 3A) and protein car-
bonyl (Figure 3B) compared to the control mice. There 
was a significant (P < 0.05) decrease in GSH contents 
(Figure  3C) and SOD (Figure 3D) and CAT (Figure 3E) 
activities in the brain tissue of ACR-injected mice. UF 
effectively attenuated oxidative stress and boosted anti-
oxidants in the brain of ACR-administrated mice.

UF mitigates inflammation in the brain of  
ACR-injected mice

Administration of ACR resulted in a significant (P < 0.05) 
increase in the expression levels of NF-κB p65 in the 
brain when compared with the control group (Figure 4A 
and B). Although UF had no effect on normal mice, it sig-
nificantly (P < 0.05) decreased NF-κB p65 in ACR-treated 
mice. The anti-inflammatory activity of UF was further 
supported by the findings of the pro-inflammatory cyto-
kines, where UF significantly (P < 0.05) reduced the levels 
of TNF-α (Figure 4C) and IL-1β (Figure 4D) in the brain.

UF suppresses apoptosis in the brain  
of ACR-induced mice

We further evaluated the levels of key apoptosis mark-
ers, including Bax, Bcl-2, and caspase-3, in the brain.  

Analysis of data

All analyses were performed with GraphPad Prism 7 
software (San Diego, CA, USA). One-way analysis of 
variance (ANOVA) followed by Tukey’s post-hoc test was 
used for multiple comparison analyses. All the values are 
reported as mean ± SEM. A p < 0.05 was considered sta-
tistically significant.

Results

UF attenuates ACR-induced gait score abnormalities  
in mice

As shown in Figure 1, mice exposed to ACR showed a 
significant (P < 0.05) increase in gait score abnormalities 
compared to the control group. Mice treated with ACR 
exhibited clear signs of neurotoxicity, as reflected by their 
elevated gait scores, indicating that ACR negatively affected 
their motor coordination. However, co-administration 
of UF resulted in noticeable improvement, where mice 
showed lower gait scores compared to the ACR-only group 
(P < 0.05; Figure 1), suggesting a neuroprotective effect 
against ACR-induced motor deficits in mice.

UF attenuates ACR-induced tissue damage in the brain

The protective efficacy of UF against brain injury was 
assessed by assaying histopathological alterations in 
the brain (Figure 2). H&E-stained sections of the cere-
bral cortex from control and UF-treated mice showed 
normal neuronal cells within intact nerve fibers. H&E-
stained sections of the cerebral cortex from ACR-treated 
mice showed early malacic changes and significant isch-
emic changes in neuronal cells, associated with deep 

Figure 1.  UF attenuates gait impairment in ACR-exposed mice. Mice treated with ACR showed significantly impaired move-
ment, as indicated by increased gait scores. Co-treatment with UF markedly improved their motor function, as evidenced by 
decreased gait scores. Data are presented as mean ± SEM (n = 6). a, p < 0.05 vs. control; b, p < 0.05 vs. ACR.
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(A) (B)

(C)

(E)

(D)

Figure 2.  UF attenuates brain damage and neuronal loss in ACR-treated mice. H&E-stained sections of the cerebral cortex 
from (A) control and (B) UF-treated animals showed normal neuronal cells (arrowhead) within intact nerve fibers. In contrast, 
(C) sections from ACR-treated animals exhibited early malacic changes (white arrowhead) and severe ischemic changes in 
neuronal cells, characterized by deep cytoplasmic basophilia and marked cellular atrophy (black arrowhead). (D) Sections from 
ACR-injected mice treated with 25 mg/kg UF showed a marked decrease in neuronal injury with focal gliosis associated with 
neuronophagia (white arrowhead). (E) Sections from ACR-injected mice treated with 50 mg/kg UF also showed a marked reduc-
tion in neuronal injury (white arrowhead). H&E stain; scale bar = 50 μm.

ACR exposure significantly (P < 0.05) decreased Bcl-2 
levels (Figure 5A) and increased Bax levels in the brain 
(Figure 5B). In addition, ACR intoxication led to a 
remarkable (P < 0.05) elevation in caspase-3 protein 
expression in brain tissues (Figure 5C and D). Treatment 
with UF mitigated ACR-induced apoptosis in the brain, 
as evidenced by enhanced Bcl-2 levels, in concomi-
tant decline in Bax and caspase-3 levels in the brain 
(Figure 5A–D). UF alone did not induce changes in the 
aforementioned markers in the brain of control mice.

UF restores Nrf2/HO-1 signaling in ACR-injected mice

The potential molecular mechanism underlying the pro-
tective effects of UF was further explored by assessing 
the Nrf2/HO-1 pathway. ACR administration led to a 

significant (P < 0.05) decrease in Nrf2 protein expression 
(Figure 6A and B) and HO-1 levels (Figure 6C) in brain 
tissues compared to control animals. Interestingly, UF 
treatment significantly (P < 0.05) restored Nrf2 expres-
sion and HO-1 levels (Figure 6A-C), indicating resto-
ration of this protective pathway. UF alone did not induce 
changes in Nrf2/HO-1 signaling in the brains of control 
mice.

Discussion 

Accumulating evidence suggests that the mechanisms of 
ACR-induced neurotoxic effects involve oxidative stress, 
inflammation, and apoptosis in the brain (Koszucka 
et al., 2020; Rajeh, 2024; Sharma and Kang, 2020; Zhao 
et  al., 2022b). It has been shown that UF has several 
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Figure 3.  UF ameliorates oxidative stress in the brains of 
ACR-injected mice. Treatment with UF in ACR-administered 
mice reduced (A) MDA and (B) protein carbonyl levels and 
increased (C) GSH content as well as (D) SOD and (E) CAT 
activities in the brain. Data are presented as mean ± SEM  
(n = 6). a, p < 0.05 vs. control; b, p < 0.05 vs. ACR.

promising protective effects in a variety of tissue injury 
models, including neurodegenerative diseases, ischemic 
injuries, and toxin-induced organ damage (Althunibat 
et  al., 2022; Germoush et  al., 2018b; Mahmoud et  al., 
2017; Mahmoud et  al., 2019; Seong et  al., 2019; Yang 
et al., 2023; Zhou et al., 2023)​. This study evaluated the 
protective effects of UF against ACR-induced inflamma-
tion, oxidative stress, and apoptosis in mouse brain. Our 
findings suggest that UF can effectively protect against 
ACR-induced brain injury by dampening oxidative dam-
age, suppressing the inflammatory response, inhibiting 
apoptosis, and restoration of Nrf2/HO-1 signaling in 
mice.

Accumulating evidence suggested that ACR-induced 
brain injury can cause a range of histopathological 
changes, including swelling of the perinuclear space, 
cerebral edema hyperchromatic, vacuolation of neuropil 

nuclei, focal areas of hemorrhages, condensed nuclei 
along with damaged cells and nuclear pyknosis, among 
others (Amirshahrokhi and Abzirakan, 2022; Edres 
et al., 2021; Gür et al., 2023; Ibrahim and Shahen, 2023; 
Lakshmi et  al., 2012). ACR-induced brain injury in the 
present study was characterized by early malacic changes 
and severe degree of ischemic changes of the neuro-
nal cells associated with deep cytoplasmic basophilia 
and marked cellular atrophy. Largely, UF treatment 
attenuated these histological abnormalities, providing 
new information that UF has a protective effect against 
ACR-induced brain injury. Accordingly, previous studies 
showed that UF has beneficial effects for neuroprotection 
against chronic unpredictable mild stress-induced model 
of depression (Qin et  al., 2017) and cerebral ischemia 
reperfusion-induced brain injury (Wang et  al., 2015) in 
rats.

Although the molecular mechanisms of ACR-induced 
brain injury are not entirely clear, several studies demon-
strated that oxidative stress plays a central role in the 
development of ACR-induced brain damage (Rajeh, 
2024; Zhao et al., 2022b). ACR has the ability to cross the 
blood-brain barrier, allowing it to directly interfere with 
the nervous system (Koszucka et  al., 2020; Zhao et  al., 
2022a). Once inside the body, ACR undergoes metabo-
lism primarily via cytochrome P450 enzymes, producing 
reactive compounds like glycidamide. This metabolite is 
particularly harmful because of its strong affinity for vital 
cellular structures like DNA, proteins, and lipids, where it 
causes extensive molecular damage (Rifai and Saleh, 2020; 
Zhao et  al., 2022a). Additionally, exposure to ACR has 
been closely tied to mitochondrial dysfunction, where it 
disrupts the electron transport chain, weakens the mito-
chondrial membrane potential, and drives the overpro-
duction of ROS, eventually leading to oxidative damage 
in brain tissues (Liu et al., 2015; Rajeh, 2024; Zhao et al., 
2017). Consistent with findings from previous studies 
(Amirshahrokhi and Abzirakan, 2022; Gür et al., 2023; He 
et al., 2017; Ibrahim and Shahen, 2023; Santhanasabapathy 
et al., 2015), our results showed that ACR exposure led 
to increased MDA and protein carbonyl levels, associ-
ated with decreased GSH level and SOD and CAT activ-
ities in brain tissues. Increased lipid peroxidation alters 
membrane fluidity and permeability, disrupts membrane 
integrity, and inactivates membrane-bound proteins, ulti-
mately culminating in cellular damage (Catalá and Díaz, 
2016; Hall et al., 2016). Additionally, oxidative alteration 
of proteins can cause protein misfolding and aggrega-
tion, disruption of structural protein conformation, and 
inactivation of enzymatic activity, leading to cellular dys-
function, structural damage, and impaired biochemical 
processes (Hall et al., 2016; Wang et al., 2012). Therefore, 
restoration of antioxidant defenses and modulation of 
oxidative stress represents promising therapeutic strate-
gies for mitigating ACR-induced brain injury. Herein, UF 
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Figure 4.  UF mitigates inflammation in the brain following ACR exposure. (A) Photomicrographs showing NF-κB p65 immu-
nohistochemical (IHC) staining in the brain (brown color indicates positive NF-κB p65 immunostaining; IHC; scale bar = 50 µm). 
(B) Quantification of NF-κB p65 immunostaining in all groups, expressed relative to the control group. NF-κB p65 expression 
was determined as the percentage of NF-κB p65-positive cells per 1,000 neuronal cells. (C–D) Mean ± SEM values for (C) TNF-α 
and (D) IL-1β levels in the brain. a, p < 0.05 vs. control; b, p < 0.05 vs. ACR.

effectively suppressed MDA and protein carbonyls con-
tents and restored GSH levels and SOD and CAT activ-
ities in the brain, demonstrating its antioxidant efficacy. 
The antioxidant properties of UF have been previously 
documented in other models, such as focal cerebral isch-
emia induced by middle cerebral artery occlusion/reper-
fusion (Wang et  al., 2015), ACR-induced acute kidney 
injury (Ageena et  al., 2025), 1‐methyl‐4‐phenyl‐1, 2, 3,  
6‐tetrahydropyridine-induced neurotoxicity 
(Subramaniam and Ellis, 2013), and isoproterenol-in-
duced myocardial injury (Althunibat et al., 2022) in ani-
mals, where UF mitigated oxidative damage and boosted 
antioxidant defense mechanisms. A previous in vitro 
study showed that UF protected human astrocytoma 

1321N1 cells from H2O2- and aldehyde-induced damage 
via induction of the aldo-keto reductases (Li and Ellis, 
2012). 

The persistently oxidative stress coupled with com-
promised antioxidant defenses is known to activate 
inflammatory and apoptotic signaling in cells, result-
ing in tissue damage and organ failure (Dash et  al., 
2024; Zhao et  al., 2022a; Zhao et  al., 2017; Zhao et  al., 
2022b). Inflammatory response, including NF-κB acti-
vation, has been demonstrated to play an important 
role in ACR-induced neurotoxicity (Amirshahrokhi and 
Abzirakan, 2022; Liu et  al., 2015; Sui et  al., 2020; Zhao 
et  al., 2017). Although NF-κB activation in neurons 
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Figure 5.  UF suppresses apoptosis in the brains of ACR-treated mice. Mean ± SEM values are shown for (A) Bcl-2 and  
(B) Bax levels in the brain, measured by ELISA. (C) Photomicrographs showing caspase-3 immunohistochemical (IHC) staining 
in the brain (brown color indicates positive caspase-3 immunostaining; IHC; scale bar = 50 µm). (D) Quantification of caspase-3 
immunostaining in all groups, expressed relative to the control group. Caspase-3 expression was determined as the percentage 
of caspase-3-positive cells per 1,000 neuronal cells. a, p < 0.05 vs. control; b, p < 0.05 vs. ACR.

may provide cellular survival, protection and repair 
(Koo et al., 2010; Mattson and Meffert, 2006; Shih et al., 
2015), several studies have demonstrated that following 
brain injury, excessive activation of NF-κB in neurons, 
astrocytes, and microglial cells can lead to a cascade of 
inflammatory responses that eventually culminating in 
local brain inflammation and subsequently aggravat-
ing neuronal damage (Amirshahrokhi and Abzirakan, 
2022; Guo et  al., 2024; Zhao et  al., 2017). In addition, 
oxidative stress and excessive generation of ROS lead to 
DNA damage and disrupt mitochondrial function, caus-
ing ATP depletion and leading to neuronal apoptosis 
(Nissanka and Moraes, 2018; Olufunmilayo et al., 2023; 
Rao et  al., 2014). Mitochondrial membrane damage by 
ROS also culminates into dissipating the mitochondrial 

membrane potential, promoting the release of cyto-
chrome c and the activation of downstream caspases, 
including the executioner caspase-3 and subsequently 
neuronal apoptosis (Olufunmilayo et al., 2023; Rao et al., 
2014). Previous findings demonstrated that ACR can 
lead to activation of the mitochondrion-driven apoptotic 
signaling and neurotoxicity in a mouse microglia cell 
line BV2 (Liu et  al., 2015). In agreement with previous 
studies (Amirshahrokhi and Abzirakan, 2022; Bin-Jumah 
et al., 2021; Edres et al., 2021; Guo et al., 2020; Li et al., 
2006; Sun et  al., 2018; Zhang et  al., 2014), our results 
showed that ACR resulted in a large elevation in NF-κB 
and caspase-3 expression and IL-1β, TNF-ɑ, and Bax 
levels, while decreased Bcl-2 in the brain. The interac-
tion between these processes creates a vicious cycle that 
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Figure 6.  UF restores the Nrf2/HO-1 pathway in the brains 
of ACR-treated mice. (A) Photomicrographs showing Nrf2 
immunohistochemical (IHC) staining in the brain across all 
animal groups (brown color indicates positive Nrf2 immu-
nostaining; IHC; scale bar = 50 µm). (B) Quantification of 
Nrf2 immunostaining in all groups, expressed relative to the 
control group. Nrf2 expression was determined as the per-
centage of Nrf2-positive immunostained area within nervous 
tissue. (C) Mean ± SEM values for HO-1 levels in the brain.  
a, p < 0.05 vs. control; b, p < 0.05 vs. ACR.

worsens neuronal damage, underscoring the necessity for 
targeted therapeutic interventions aimed at modulating 
these interconnected pathways to protect against ACR-
induced brain damage. Herein, the treatment of ACR-
intoxicated mice with UF largely ameliorated NF-κB p65, 
TNF-α, IL-1β, Bax, Bcl-2, and caspase-3 in brain tissues. 
These results align with earlier studies showing that UF 
was able to modulate inflammation and/or apoptosis in 
animals model of ACR-induced acute kidney injury and 
inflammation (Ageena et  al., 2025), chronic unpredict-
able mild stress-induced depression-like behavior by mit-
igating neuronal apoptosis and inhibiting inflammatory 

cytokines levels (Qin et al., 2017), streptozotocin-induced 
neuroinflammation by attenuation of NF-κB p65, TNF-α 
and IL-6 levels (Hindam et  al., 2020), isoproterenol-
induced myocardial inflammation and apoptosis by 
modulation of NF-κB p65, inflammatory mediators, 
Bax, caspase-3, and Bcl-2 levels (Althunibat et al., 2022), 
and cyclophosphamide-induced hepatic inflammation 
by attenuating NF-κB, proinflammatory cytokines, and 
inducible nitric oxide synthase levels (Mahmoud et  al., 
2017).

To further explore its neuroprotective effects against 
ACR-induced brain damage, we assessed the effect of UF 
on Nrf2/HO-1 signaling pathway in the brain. Consistent 
with previous studies (Edres et  al., 2021; El-Shehawi 
et  al., 2022; Zhang et  al., 2023), the present findings 
demonstrated that ACR exposure resulted in a significant 
decrease in Nrf2 expression and HO-1 levels in the brain. 
Nrf2 is a key transcription factor involved in the pro-
tective mechanisms against various toxic and oxidative 
insults through regulating the expression of a wide array 
of antioxidant and detoxifying genes (Ekuban et al., 2021; 
Ma, 2013; Tonelli et al., 2018). Furthermore, Nrf2 plays 
a key role in suppressing the inflammatory response 
by attenuating oxidative stress-mediated activation of 
NF-κB and inhibition of proteasomal degradation of IκB-
α, thereby inhibiting NF-κB nuclear translocation (Saha 
et al., 2020; Wardyn et al., 2015). Nrf2 signaling pathway 
significance in preventing ACR-induced brain damage is 
supported by a study where Nrf2-knockout mice were 
more susceptible to ACR-induced neurotoxicity and 
neuroinflammation, highlighting the dual role of Nrf2 in 
upregulating antioxidative enzyme gene expression and 
suppressing proinflammatory cytokines gene expression 
(Ekuban et  al., 2021). Hence, restoration of Nrf2/HO-1 
is recognized as a key potential therapeutic approach 
for the prevention of oxidative tissue damage. In the 
present study, treatment of ACR-injected mice with UF 
markedly restored Nrf2 and HO-1 levels in the brain. 
These results align with previous studies where mod-
ulation of Nrf2/HO-1 by UF attenuated ACR-induced 
acute kidney injury (Ageena et  al., 2025), isoprotere-
nol-induced myocardial injury (Althunibat et  al., 2022), 
cyclophosphamide-induced hepatotoxicity (Mahmoud 
et  al., 2017), and streptozotocin-induced rat model of 
sporadic Alzheimer’s disease (Hindam et  al., 2020) in 
animals. Thus, it can be speculated that the modulation 
of Nrf2/HO-1 by UF could be, at least in part, lead to its 
anti-inflammatory and antioxidant actions, reinforcing 
its potential as an adjuvant agent against ACR-induced 
brain damage.

Although we clearly demonstrated significant modula-
tion of key inflammatory and apoptotic markers through 
IHC and ELISA, the corresponding gene expression lev-
els were not assessed using quantitative real-time PCR 
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