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ARTICLE INFO ABSTRACT

Keywords: Iron oxide nanoparticles (IONPs) are widely used in various fields, particularly in medicine, where they can be
IONPs directly injected for diagnostic and therapeutic purposes, although they may induce certain types of toxicity.
rosemary Therefore, the present work aimed to estimate the potential protective role of the oral extract of rosemary (RO)
EII\FRPJ against the toxic effects of injected IONPs on the brain tissues of adult male rats, and to explore the potential
@S underlying mechanisms involved in reversing such toxicity. Thirty adult male albino rats were allocated into five
occludin groups: the control, the vehicle (intravenous saline injection once/week), the RO extract group (orally gav-

aged100mg/kg/day), IONPs (intravenously injected 30 mg/kg once/week), and the combined RO+IONPs (orally
gavaged RO extract 1 hrh before intravenous injection of IONPs). IONPs induced neurotoxicity via triggering a
cascade of neuro-oxidative stress, neuro-inflammation, and parthanatos-mediated neuronal cell death by
increasing MDA, NO, TNF-«a levels, PARP-1, AIF, and NF-k<B mRNA expression alongside reducing GSH levels.
These incidents contributed to neurodegenerative changes, reflected in increased mRNA expression of a-S, §-APP,
and TDP-43. Additionally, IONPs induced structural degenerative changes and elevated iron levels in brain
tissues reduced occludin expression, and disrupted the BBB. Furthermore, the concurrent oral RO extract alle-
viated these conditions and repaired BBB by increasing the occludin expression and ameliorating structural
changes in brain tissues. Consequently, the current data provide evidence that RO supplementation during IONP
administration holds promise to minimize potential health risks, which should be corroborated by translational
studies.

1. Introduction

Global scientific community interest has been piqued by the topic of
nanotechnology. Many kinds of nanoparticles have been developed as a
result of the notable acceleration of nanotechnology development [42].
Iron oxide nanoparticles (IONPs) have been widely synthesized for many
applications because of their remarkable magnetic characteristics, high
water solubility, stability, and high surface-to-volume ratio [65].

IONPs have been applied in many fields including the biomedical,
industrial, agricultural, and water treatment systems fields. IONPs are
mostly used in biomedicine, particularly in the areas of magnetic reso-
nance imaging, tissue healing, magnetic hyperthermia, gene therapy,
and tumor localization [19,48,68]. The FDA has authorized them for
several uses, including the treatment of iron deficiency anemia and as
contrast agents for imaging liver lesions and lymph node metastases
[45].

Abbreviations: IONPs, iron oxide nanoparticles; RO, rosemary; TNF-a, tumor necrosis factor- «; PARP-1, poly ADP-ribose polymerase; AIF, apoptosis-inducing
factor; NF-xB, nuclear factor-kappa B; a-s, a-synuclein; $-APP, beta- Amyloid protein precursor; TDP-43, TAR DNA binding protein of 43; BBB, blood brain barrier;

MDA, malondialdehyde; NO, nitric oxide; GSh, educed glutathione.
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IONPs have to be directly injected into the human body for these
medicinal uses, raising worries about potential harmful effects [18]. In
addition to these uses, widespread usage of IONPs in the textile and
cosmetics sectors causes an accumulation of the material that poses a
risk to human health, making it an attractive subject for study [8].

The generation of reactive oxygen species (ROS) and the develop-
ment of oxidative stress are two of the most commonly proposed
mechanisms underlying the toxicity of nanomaterials. These processes
lead to the induction of an inflammatory response by modulating
intracellular calcium concentrations, triggering transcription factors,
and inducing the production of cytokines [6]. Oxidative stress and
inflammation cause damage to biomolecules such as proteins, lipids, and
DNA. This contributes to cell and tissue damage, which can result in
cytotoxic, fibrotic, and genotoxic reactions that are linked to illness
[36].

The brain is more vulnerable to oxidative stress due to the decreased
activity of enzymes that eliminate free radicals, such as glutathione
peroxidase (GPx), catalase (CAT), and Superoxide dismutase (SOD),
[12]. IONPs can reach the brain through the blood-brain-barrier (BBB)
following systemic administration, the olfactory nerve following inges-
tion or inhalation, or they can enter the brain directly by intracerebral
delivery [20]. While some research indicates that IONPs are biocom-
patible and low in toxicity, other research demonstrates that the appli-
cation of IONPs can have hazardous consequences by producing ROS as
a result of the Fenton reaction [32,64].

Ancient remedies made use of natural products and herbal medica-
tions. Due to their low risk of side effects and problems, herbs have
garnered increased attention from researchers in recent decades as po-
tential new drugs. Worldwide medical and pharmaceutical research has
been rising in response to the growing need [11].

Folk medicine has utilized rosemary, Rosmarinus officinalis L. (Labi-
atae) (RO), to treat a variety of illnesses, such as headache, menstrual
cramps stomachache, seizures, rheumatic pain, spasms, nervous anxiety,
memory improvement, hysteria, depression, physical and mental
exhaustion [21]. The vast spectrum of therapeutic effects of rosemary
and its components, including anti-inflammatory, antioxidant, anti-
nociceptive, neuroprotective, antidepressant, anti-hysteric, and
ameliorative of memory and mental tiredness, is shown by several types
of research conducted either on animal models or on cultured cells [57].

Rosemary extract (RO) is widely recognized for its antioxidant
properties, which are primarily attributed to its high content of phenolic
compounds such as carnosic acid and rosmarinic acid. These compounds
play a crucial role in alleviating ROS by scavenging free radicals,
reducing oxidative stress, and modulating the activity of antioxidant
enzymes like SOD, CAT, and GPx [40] or key signaling of
pro-inflammatory and inflammatory pathways [24]. The present work
set out to estimate the potential protective role of the orally adminis-
trated extract of RO against the toxic effects of injected IONPs on the
brain tissues of adult male albino rats. It aimed to explore the potential
underlying mechanisms involved in reversing such toxicity.

2. Materials and methods
2.1. Chemicals

Iron oxide nanoparticles (Fe;O3) (IONPs) were obtained from Sig-
ma-Aldrich (Louis, Mo, USA), (Cas N. 900042). It was a brownish liquid,
and sterile saline was used as a vehicle.

The chemicals of extraction and distilled water were obtained from
the Forensic and Clinical Toxicology Research Laboratory, Faculty of
Medicine, Zagazig University, Egypt.

2.2. Characterization of IONPs (Fe;03)

The size and morphology of the IONPs were investigated by dropping
an aqueous dispersion of the NPs onto a carbon-coated copper grid and
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drying it in the open air. The Electron Microscope Unit at the Faculty of
Agriculture, Al-Mansoura University in Egypt, used transmission elec-
tron microscopy (TEM) for characterization.

2.3. Plant and extract preparation

Fresh Rosemary (Rosmarinus officinalis L.) (RO) plant was obtained
from the Faculty of Agricultural, Zagazig University, Egypt. The whole
plant of RO, excluding its flowers, was used. To eliminate any dust or
residual particles, the samples underwent cleaning and were rinsed with
distilled water. Subsequently, they were air-dried for one week in a dark,
air-conditioned room at 25 °C and then were ground in the milling
machine. 100 g of the resultant powder was soaked in 1000 mL of
(30:70) methanol at 60 °C for 1 h.

The mixture was filtered and evaporated under a vacuum rotary
apparatus. The extract was dried in an incubator at reduced pressure and
40 oC and stored in a freezer at - 4 oC to be used later [5].

2.4. Gas chromatography-mass spectrometry (GC-MS) analysis

To determine the chemical composition of the methanolic extract of
Rosmarinus officinalis L., the extract was subjected to GC-MS analysis.
The analysis was done using a gas chomatograph (Model: GC-MS (ISQ
LT trace 1300), Thermo Fisher Scientific S.p.A. Milan, Italy. S.N.
420131158). The qualitative analysis was described by Ojeda-Sana et al.
[53].

The injection technique was split mode. The capillary column was
30 m in length, with an inner diameter of 0.25 mm, and coated with a
0.25-TG-5MS stationary phase. The carrier gas was Helium with a flow
rate of 1.87 mL/min. The initial column temperature was programmed
at 90 oC for 5 min, then increased at a rate of 3 oC /min at 230 oC and
held for 13 min. The injector temperature was adjusted to 255 oC. The
constituents of the extract were thoroughly identified by matching their
mass spectral fragmentation patterns with those documented in
computerized MS data bank spectral libraries.

2.5. Animals and study design

Thirty adult male albino rats (Sprague Dawley) (Rattus norvegicus)
weighing 200-220 g, were procured from the animal facility at the
Faculty of Veterinary Medicine, Zagazig University. They underwent a
seven-day acclimatization period in laboratory conditions before the
commencement of the experiment. The rats were housed in sanitary
cages maintained at temperatures between 22 and 25 °C, with 60 %
humidity, and subjected to a 12-h light/12-h dark cycle. They had ad
libitum access to food and water. The research adhered to international
standards for animal studies, following the guidelines set forth by (the
Guide for the Care and Use of Laboratory Animals) of the National
Research Council [51] and ARRIVE guidelines (https://arriveguidelines.
org). Meanwhile, the study is approved by the Institutional Animal Care
and Use Committee (IACUC) at Zagazig University, Egypt (approval
number: ZU-IACUC/3/F/97/2024).

The animals were randomly divided into five groups, each consisting
of six rats.

L. Control group: the rats received an essential diet and water for
four weeks.

II. Vehicle group: the rats were injected with 1 mL of sterile saline
(IONPs solvent) intravenously through the caudal vein once a
week for four weeks.

III. Rosemary (RO) extract group: each rat received 1 mL of 100 mg/
kg dissolved in saline by oral gavage needle [50] once a day for
four weeks.

IV. IONPs group: the rats were injected with 30 mg/kg of IONPs
intravenously through the caudal vein once a week for four weeks
[20].
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V. IONPs and RO extract group: the rats received 100 mg/kg of the
RO extract via oral gavage 1 h before IONPs injection once a day
for four weeks followed by IONPs (30 mg/kg) administered by
intravenous injection once a week for four weeks.

The weight of the animals was monitored weekly for dose adjust-
ment. Twenty-four hs after the final dosing day, all rats had fasted
overnight. They were anesthetized via intraperitoneal injection of
pentobarbital at a dosage of 50 mg/kg. Decapitation was performed
after confirming death. The brain of each rat was promptly dissected and
rinsed with 0.9 % normal saline. The frontal cortex, a distinct brain
subregion, was meticulously micro-dissected and systematically parti-
tioned into three sections. The first stion was allocated for biochemical
analyses, the second was preserved at —80 °C for subsequent mRNA
extraction, and the third was perfused with saline and fixed in 10 %
neutral buffered formalin for histopathological and immunohisto-
chemical investigations.

2.6. Biochemical analysis of brain tissues

A portion of brain tissue underwent wet digestion with 4 mL of
concentrated nitric acid following the method outlined by Prohaska and
Gybina, [55]. The iron content assay was conducted using both the
Atomic Absorption Spectrophotometer (AAS) (Buck Scientific 210VGP
Atomic Absorption Spectrophotometer) and a Perkin Elmer model
(SpectraAA10, USA) flame atomic absorption spectrometer with a
computer system. The data obtained were expressed as ug/g wet weight.

The other part of the brain tissue was homogenized in phosphate-
buffered saline and then centrifuged for 10 min. Subsequently, it was
assessed colorimetrically for the estimation of malondialdehyde (MDA)
according to the method described by Janero [33], reduced glutathione
(GSH) using the method by Tietze [63], and nitric oxide (NO) contents
following the procedure outlined by Grandati et al. [23]. Tumor necrosis
factor-a (TNF-a) was determined using enzyme-linked immunosorbent
assay rat ELISA analytical kits. The kits for these analyses were obtained
from Biodiagnostic Co. (Giza, Egypt).

2.7. RT-qPCR analysis

The RNA isolation mini kit (RN easy, Qiagen Ltd, Germany) was used
for the isolation of total ribonucleic acid (RNA) from brain tissue ho-
mogenates. Subsequently, the RNA was quantified and converted into
complementary DNA (cDNA) using a Quantiscript reverse transcriptase
kit (Quantitect Reverse Transcription kit, Qiagen, Germany). The
expression of mRNA was achieved using a reaction mixture containing
SYBR Green Real-time PCR Master Mix. The PCR mixture was run on the
Strata gene Mx3000P (Agilent Technologies, Santa Clara, CA, USA)
following the manufacturer’s instructions.

The primer pairs for poly ADP-ribose polymerase 1(PARP-1),
apoptosis-inducing factor (AIF), nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-xB), a-synuclein (a-S), p Amyloid
protein precursor ($-APP), TAR DNA binding protein of 43 kDa (TDP-
43), and the reference control gene; glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) were designed by National Center for Biotech-
nology Information (NCBI) at https://www.ncbi. nlm.nih.gov. The
Primer specificity was evaluated using the BLAST program(http://blast.
ncbi.nlm.nih.gov). Table 1 displays the primer sequences and PCR
conditions. The sequences of the used rat primers were purchased from
(Bio-Diagnostics Egypt). The acquired amplification results were
measured by the 2724 method [41].

2.8. Histopathological examination of brain tissues
The brain tissues of each rat were placed in 10 % formaldehyde and

dehydrated using ethanol in ascending series of concentrations, cleared
in xylene and embedded in paraffin. Brain sections were prepared at
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Table 1
primer sequences and RT-PCR conditions.

Gene Primer sequences PCR condition

PARP-1  Forward 5-TAC CAT CTG GAG AGT CCG 95 °C-45s/60 °C—30s/72

CA-3 °C—60 s (40 cycles)
Reverse 3-ACA CGA CTC GAA CAT TGG
CT-5'

ATF Forward 5- AGC AAT GGC GTG TTC CTC 95 °C-10s/60 °C—20s/72
TA-3 °C—40 s (40 cycles)
Reverse 3'- CCG GAT GGA TCT AGC TGC
TG-5'

NF-kB Forward 5- ACG ATG GGA CGA CAC CTC 95 °C—-10s/60 °C—30 s/
TA-3 72 °C—15 s (40 cycles)
Reverse 3-CGG AGC TCA TCT ATG TGC
TGT CT-5'

o-S Forward 5- AGT TCT GCG GAA GCC TAG 94 °C—30s/65 °C—30 s/
AG -3 68 °C—30 s (28cycles)
Reverse 3'- AAC TGA GCA CTT GTA CGC
CA -5

p-APP Forward 5-GCT TTA TAT ATG GCG GCT 95 °C—-15 /56 °C—30s/
GCG G-3' 72 °C—30 s (45 cycles)
Reverse 3'- CCG GCT GAG TGT CTT CGT
TC -5

TDP—43 Forward 5'-GAT CCT TCG TTG TGC TTC 95°C—-5s/60°C—30s/72
CTA GC-3' °C—30 s (40 cycles)
Reverse 3'- GGT TAT TTC CCA AGC CAG
CTC -5

GAPDH Forward 5'- GAC TCT ACC CAC GGC AAG 94 °C-105s/61 °C—-30s/

TT-3'Reverse 3- GAT GGC ATG GAC TGT
GGT CA -5’

72 °C—30 s (38 cycle)

PARP-1: poly ADP-ribose polymerase, AIF: apoptosis-inducing factor, NF-kB:
nuclear factor-kappa B, a-s: a-synuclein, p-APP: beta-Amyloid protein precursor,
TDP-43: TAR DNA binding protein of 43 kDa.

5 um thicknesses and stained with the routine hematoxylin and eosin
technique [9].

2.9. Immunohistochemical staining for occludin

The immunohistochemistry technique was carried out using the
Streptavidin-biotin method [28]. 4 um thick brain sections were cut
from the paraffin blocks and fixed on positively charged slides. The
slides were then incubated for 30 min at 65 °C. Deparaffinization of all
sections was performed using xylene. Following this, the sections were
rehydrated and immersed in an EDTA buffer. The slides were placed in
the microwave for antigen retrieval, adding hydrogen peroxide in
methanol to antagonize endogenous peroxidase activity, and then
incubating with 1 % bovine serum albumin [3]. All samples were
incubated with Invitrogen™ Bioscience™ IHC Blocking Buffer
(#00-4953-54) to block nonspecific binding sites of endogenous en-
zymes and antibodies.

This step minimized background staining and reduced false posi-
tives. Additionally, endogenous avidin and biotin were blocked by
treating the samples with the Avidin/Biotin Blocking Kit (#004303)
following the protocol by Alabiad et al. [4]. Sections were treated
overnight at 4 °C with rabbit polyclonal antibody occludin (ab216327)
primary antibodies (diluted 1: 200) [59]. The sections were rinsed with
phosphate-buffered saline and then treated with the corresponding
secondary antibody for 2 hs. Subsequently, the avidin-biotin complex
(Abcam) was applied to the sections for 20 min. Staining was visualized
using diaminobenzidine. Sections were counterstained with hematoxy-
lin and observed under a light microscope.

2.10. Statistical analysis

The statistical data analysis was conducted using SPSS 26.0 software
(IBM, Chicago, IL, USA) and GraphPad Prism 10 Software (Boston,
Massachusetts USA). The Shapiro-Wilk Test was used to assess the
normality of each variable One-way analysis of variance (ANOVA) and
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the post hoc least significant difference test (LSD test) were performed
and were presented as mean and standard deviation. A p-value of < 0.05
was considered to be statistically significant.

3. Results
3.1. IONPs characterization

TEM analysis of the IONPs revealed almost spherical particles
ranging in size from 18 to 30.4 nm (Fig. 1).

3.2. GC-MS analysis of Rosmarinus officinalis L. extract

Fig. 2 displayed a chromatogram of the Rosmarinus officinalis L.
methanolic extract. GC-MS analysis of the methanolic extract of Ros-
marinus officinalis L. revealed several compounds, with the highest area
percent including eucalyptol (29.56) at a retention time (11.87), Bicyclo
[2.2.1]heptan-2-one,1,7,7-trimethyl-, (1 R)- (camphor) (16.32) at a
retention time (15.24), borneol and its related metabolites (7.01) at
retention time (15.85), and Caryophyllene (3.59) at a retention time
(22.97) (Table 2).

3.3. IONPs-induced oxidative stress and inflammatory changes in brain
tissues

Regarding brain tissue analysis for iron content, MDA, GSH, NO, and
TNF-o, there were no significant differences between the control,
vehicle, and RO extract groups, so we used the control group for com-
parison with other groups (p > 0.05) (Table 3). By using the ANOVA
test, Table 4 showed significant differences between the control group,
IONPs group, and IONPs and RO extract group respecting to iron con-
tent, MDA, GSH, NO, and TNF-a mean values in brain tissue homoge-
nates (p < 0.001).

When IONPs (30 mg/kg) were injected intravenously once a week
for four weeks, the mean values of iron content, MDA, NO, and TNF-«
were significantly elevated while the mean values of GSH were signifi-
cantly decreased when compared to the control group (p < 0.001)
(Table 4). For four weeks the concurrent IV administration of IONPs
with oral administration of 100 mg/kg RO extract once daily to the rats
resulted in significant protection against the decline in GSH (p < 0.001)
and significantly reduced the elevations in iron content (p < 0.05), MDA
(p < 0.05), NO (p < 0.05), and TNF-a (p < 0.001) brought on by the
IONPs administration (Table 4).

On comparing the IONPs and RO extract group with the control
group, there were significant elevations in the mean values of iron
content, MDA, NO, and TNF-a with significant decreases in the mean

S o
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Fig. 1. Transmission electron microscopy image of IONPs.
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values of GSH in the IONPs and RO extract group (p < 0.001) (Table 4).
3.4. IONPs-induced parthanatos in brain tissues

To determine whether parthanatos plays a role in IONPs-induced
brain tissue cell death, the expression of genes specific to the partha-
natos pathway was analyzed using RT-PCR. Fig. 3 shows a significant
upregulation of PARP1 and AIF gene expressions, along with the in-
crease of NF-kB gene expression in brain tissues of the IONPs exposed
group compared to the control, vehicle, and RO extract groups
(P < 0.001).

Furthermore, concurrent administration of oral RO extract with
IONPs resulted in a significant downregulation of PARP1, AIF, and NF-
kB gene expressions compared to the IONPs group (P < 0.001). When
comparing the results of the RO extract +IONPS group with control,
vehicle, and RO extract groups, significant differences were still
observed in terms of PARP1 and AIF gene expressions. However, no-
significant difference was observed for NF-kB gene expression
(P > 0.05) (Fig. 3).

3.5. IONPs-induced neurodegenerative changes

The effect of IONPs on neurodegenerative changes-related genes was
investigated by examining the expression of o-S, f-APP, and TDP-43
genes. The IONPs exposed group showed a significant upregulation of
a-S, p-APP, and TDP-43 gene expressions in the brain tissues of rats
compared to the control, vehicle, and RO extract groups (p < 0.001)
(Fig. 4).

Moreover, the concurrent administration of oral RO extract with the
IONPs resulted in a significant downregulation of a-S, §-APP, and TDP-
43 gene expressions compared to the IONPs group (P < 0.001). Addi-
tionally, significant differences were also observed when compared to
control, vehicle, and RO extract groups (p < 0.001) (Fig. 4).

3.6. Histopathological examination of brain tissues

The Hematoxyline and Eosin stain for histopathological examination
of brain tissues from control, vehicle, and RO extract groups revealed
normal tissue structure with normal neurons (Fig. 5. A, B, and C). In
contrast, brain sections of the IONPs exposed group exhibited vacuola-
tion, degeneration, and apoptotic bodies in neuronal cells, along with
dilated blood vessels and blood extravasation (Fig. 5. D and E). How-
ever, the oral RO extract+IONPs group showed improvement in the
neuronal changes with only mild vacuolation, and no apoptotic bodies
were observed (Fig. 5. F).

3.7. Immunohistochemical staining of brain tissues

The immunohistochemical examination of brain tissues for occludin
expression revealed that the control, vehicle, and RO extract groups
showed a strong immune-positive reaction of occludin protein expres-
sion (Fig. 6. A, B, and C). The IONPs exposed group showed an immune-
negative reaction of occludin protein (Fig. 6. D). Moreover, the RO
extract+IONPs group showed an immune-positive reaction with higher
expressed occludin protein (Fig. 6. E).

The morphometric analysis revealed a significant reduction in the
area percentage of occludin in the IONPs group versus the control,
vehicle, and RO extract groups (p < 0.0001). On the contrary, the RO
extract+IONPs group exhibited a significantly increased area percent-
age of occludin compared to the IONPs group (p < 0.0001) and a non-
significant difference compared to the control, vehicle, and RO extract
groups (p > 0.05) (Fig. 6. F).

4. Discussion

The ability of IONPs to cross the blood-brain barrier (BBB) facilitates



A.A. Elsheikh et al.

RT: 0.00 - 46.10
1004

11.87

90+

Relative Abundance
N w - (42 (o2} ~ 2]
ST T TP AT TP T -
Ll

e b D D e B fanny

-
(=]

15.24

| 19.15

Toxicology Reports 14 (2025) 101935

NL:
1.77E9

TIC MS
EMAN2024

22.97

o

15

o
(%))

20

LI N I N N N B B B B B B

Time (min)

Fig. 2. GC-MS chromatogram of Rosmarinus officinalis L. methanolic extract.

Table 2 Table 3
GC-MS Chemical composition of Rosmarinus officinalis L. methanolic extract. Comparison of mean values of iron content, malondialdehyde (MDA), gluta-
Rt Name Molecular Molecular Area thione (GSH), nitric oxide (NO), and tumor necrosis factor o (TNF-a) in brain
formula weight percent tissues among control, vehicle, and rosemary (RO) extract groups by ANOVA
11.36  Eucalyptol (1,8-cineole) C10H180 154 19.73 fest
11.57  Eucalyptol (1,8-cineole) C10H180 154 2.23 Parameter Control Vehicle RO extract F P
11.75  Eucalyptol (1,8-cineole) C10H180 154 4.48 group group group
11.87  Eucalyptol (1,8-cineole) C10H180 154 29.56 Tron content 16.37 1620 £ 0.43  16.43+043 0367 0.69
15.24 Blcyclo[2.2.‘1]heptan—2- C10H160 152 16.32 (ng/g) +0.54
one,1,7,7-trimethyl-, (1 R)- MDA (nmol/ 3.39 334+£014 3404020 0879 0.13
(Gamphor) mg) +0.28
15.85  Bicyclo[2.2.1]heptan—2- C10H180 154 7.01 GSH (nmol/g)  1.39+.04  1.3900 1.3817 0890 0.12
ol,1,7,7-trimethyl-, (1S- +.02280 +.04021
endo)- NO (umol/mg)  1.67 +.05  1.66 + 0.06 1.65 + 0.04 0.802  0.22
Isoborneol CIOH18O 154 TNF-0 (pg/mg)  56.62 58.68 £2.69 59.32+0.45 2943  0.08
Borneol C10H180 154 +2.19
16.52  3-Cyclohexene—1- C10H180 154 2.09
methanol,a,a4-trimethyl- Values are presented as the mean =+ standard deviation (SD), n = 6. F test:
(a-terpinenol) ANOVA test
p-menth—1-en—8-ol C10H180 154
22.97  Caryophyllene C15H24 204 3.59
Bicyclo[7.2.0]-undec74- C15H24 204 Table 4
ene,4,11,11-trimethyl—8- . . .
methylene-,[1R- Comparison of mean values of iron content, malondialdehyde (MDA), reduced
(1 R*,4Z,98%)]- glutathione (GSH), nitric oxide (NO), and tumor necrosis factor o (TNF-a) in
29.26  Caryophyllene oxide C15H240 220 0.96 brain tissues among control, IONPs, and IONPs + rosemary (RO) extract groups
trans-Z-a-Bisabolene epoxide ~ C15H240 220 by ANOVA and LSD tests.
34.88 I:;:decanmc acid, methyl C17H3402 270 5.07 Parameter Control TONPs IONPs + RO F P
37.38  Ethanone,1-(1,2,3,5,6,7- C18H240 256 2.62 group group extract group
hexahydro—1,1,5,5- Iron content 16.37 23.33 22.12 + 0.56"" 219.41  0.000
tetramethyl-s-indacen—4- (ng/g) +0.54 +0.73%
yb- MDA (nmol/ 3.39 7.42 6.31 £ 0.57 102.92 0.000
Azulen—2-0l,1,4- C15H180 214 mg) +0.28 + 0.59°
dimethyl—7-(1- GSH (nmol/g) 1.39 + .04 0.82 1.124+0.11% ¢ 97.13 0.000
methylethyl)- +0.03"
1H-Indene, 2-butyl—3-hexyl-  C19H28 256 NO (umol/ 1.67 2.05 1.93 £ 0.07 34.01  0.000
38.21 9,12-Octadecadienoic acid, C19H3402 294 1.02 mg) +0.05 +0.11°
methyl ester, (E,E)- TNF-a (pg/ 58.92 76.63 70.48 + 1.49" © 115.92 0.000
38.32 10-Octadecenoic acid, C19H3602 296 5.33 mg) +2.19 + 3.05"
methyl ester .
11-Octadecenoic acid, C19H3602 296 Values are presented as the mean =+ standard deviation (SD), n = 6. F test:
methyl ester ANOVA test, IONPs: iron oxide nanoparticles
8-Octadecenoic acid, methyl ~ C19H3602 296 By least significance test (LSD):

ester

# :p < 0.001 in comparison to the control group.

Rt: retention time

L p < 0.05 in comparison to the IONPs group; c: p < 0.001 in comparison to
the IONPs group



A.A. Elsheikh et al.

Toxicology Reports 14 (2025) 101935

PARP-1 AIF NF-kB
4 3 4
= = 2 = a
x ;£ x
3-
g < < 2 ¥ <
EQ EQ EQ
@ g ) g ) g 2+
€3 £ 3 ab £ 3
s s M W s 3 b
S = S = S = 1 =
& o % % =
%) W 5]
0= 0-
Q < X s QO < X s QO
&S Y &K PO RO )
STEeT & g"@%ﬁ
L & RSN

Fig. 3. Effects of IONPs on parthanatos pathway-specific genes (PARP1, AIF, NF-kB) expression. mRNA expression was assessed by RT-PCR. Data are the mean +
standard deviation (SD), n = 6. [a: Highly significant difference as compared to the control group (p < 0.01), b: Highly significant difference as compared to the

IONPs group (p < 0.01).

o-S B-APP TDP-43
5+ 2.0+ 34 a
= a = 2 =
SE SE SE
1.5+
¥ < ¥ < ¥ < 24
EQ 3 EQ ap EY
o = ab o = 1.0 o =
Z 2 24 _ .= I z.S ab
® 2 " 2 " 2 14 =
- —_ 0.5 _
2 5 M R M
- g g
0- 0.0- 0-
S ¥ SO S ¥ S RO S ¥ & O
SFLSF SFELESF SFLSF
¢ 40e \éz% @ 40z \éQ% @ 40z \é%
< 9 < 9 <& XS

Fig. 4. Effects of IONPs on neurodegenerative changes-related genes (a-S, f-APP, TDP-43) expression. mRNA expression was assessed by RT-PCR. Data are the mean
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their application in CNS diagnostic measures and therapies, ranging
from microglial cell modulation to improved magnetic resonance im-
aging (MRI) contrast and drug delivery systems [52].

Rosmarinus officinalis L. (rosemary) has long been used in tradi-
tional medicine for neurological conditions such as memory disorders,
depression, and mental health issues. Its therapeutic benefits are
attributed to its antimicrobial, antioxidant, anti-inflammatory, and anti-
apoptotic properties, which help activate antioxidant enzymes and
reduce free radicals, offering protection against oxidative stress-related
diseases [21].

Therefore, the present study investigated the potential protective
role of the methanolic extract of RO against IONPs-induced brain
toxicity in adult rats over 4-weeks and explored the potential underlying
mechanisms involved in reversing such toxicity.

In the current study, GC-MS analysis of the methanolic RO extract
revealed eucalyptol as the predominant compound, consistent with
Alhaithloul et al. [5]. Eucalyptol, a key component of various essential
oils, including rosemary, is known for its anti-inflammatory, antioxi-
dant, bronchodilatory, and antimicrobial effects, supporting its tradi-
tional medicinal use [27].

The biochemical analysis of the present study demonstrated that
IONPs increased brain iron levels, MDA, NO, and TNF-a while
decreasing GSH levels, consistent with previous findings [13,14,16].
These studies confirm that IONPs can cross the BBB by upregulating
brain iron receptors via iron/transferrin binding [58]. Once inside the
brain, IONPs induce oxidative stress through the Fenton reaction,
leading to elevated MDA levels, a marker of lipid peroxidation, and
impairing mitochondrial function, which contributes to neurodegener-
ative disorders [62]. The resulting iron accumulation further depletes
GSH levels, weakening the brain’s antioxidant defenses [70].

Additionally, IONPs elevate NO and TNF-a levels in brain tissues
suggesting nitrosative stress-induced DNA damage [31] and neuro-
inflammation, consistent with the pro-inflammatory effects of IONPs
and its role in promoting neuronal death and contributing to neurode-
generative diseases [10].

RO extract ameliorated these changes, reducing iron levels, MDA,
and NO while restoring GSH and decreasing TNF-a. These protective
effects are consistent with the well-documented antioxidant and anti-
inflammatory properties of RO [1,21,66] and the ROS-scavenging and
NF-xB inhibition activities of eucalyptol [22,27]. These effects are
attributed to eucalyptol, which enhances antioxidant activity by scav-
enging ROS and chelation of metal ions [27], while its
anti-inflammatory effect is mediated through NF-xB inhibition, resulting
in reduced production of NO and TNF-a [22].

Recent studies highlight emerging cell death mechanisms like par-
thanatos. This study investigated whether IONPs are implicated in such
a mechanism of cell death induction as well as examining the protective
role of RO extract.

The Molecular results of the current study demonstrated that
repeated IONPs exposure for 4 weeks increased gene expression of
PARP-1, AIF, and NF-kB. No previous studies have discussed parthanatos
as a potential mechanism of IONPs-induced toxicity. However, our re-
sults are consistent with a previous study that reported increased PARP-
1 and cleaved caspase-3 expression in brain regions of IONPs intoxicated
mice [13].

Parthanatos, a caspase-independent cell death pathway, is triggered
by PARP-1 overactivation due to DNA damage caused by factors like NO
production, ROS generation, and radiation exposure. This leads to PAR
polymer accumulation, mitochondrial depolarization, AIF release, and
nuclear translocation, resulting in DNA fragmentation and cell death
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Fig. 5. Photomicrographs of the brain tissue sections of studied groups; (A) The control group displayed normal brain tissue with normal neurons (N), normal
astrocytes (black arrow), and granular layer (yellow arrow) (H&E, x200). (B) the vehicle group showed a section of brain tissue containing normal pyramidal cells
with a normal nucleus (black arrow) and normal neuron (N) (H&E, x200). (C) the RO extract group showed a section of the brain with normal pyramidal cells (black
arrow) (H&E, x200). (D) IONPs group showed a section of brain tissues with vacuolation (black arrow), dilatated blood vessels and extravasated blood cells (red
arrow) (H&E, x200), (E) IONPs group showing degeneration and vacuolization of the neuronal cells (star) and apoptotic bodies (black arrow) (H&E, x400). (F) brain
tissue section of the RO extract +IONPs group showed improvement of the neuronal changes with mild vacuolation and no apoptotic bodies (H&E, x200). RO:

rosemary. IONPs: iron oxide nanoparticles.

[29,49].

PARP-1, a DNA-binding protein, is the most essential step in initi-
ating parthanatos, consuming NAD and ATP during overactivation,
causing ATP depletion and structural, functional cellular changes, and
eventual cell death [29]. AIF, a mitochondrial flavoprotein critical for
cell survival, becomes a mediator of parthanatos under stress, driving
DNA fragmentation after its nuclear translocation [49]. Additionally,
PARP-1 overactivation stimulates NF-xB, a transcription factor, pro-
moting inflammatory mediator expression [43].

Interestingly, RO extract reduced PARP-1 and AIF expression and
restored NF-«B levels to normal. This suggests that RO disrupts par-
thanatos. Previous studies have shown the protective role of RO extract
through the reduction of NF-kB expression [34,71] or by decreasing
other inflammatory mediators [69]. While no studies have directly
examined the role of RO extract in parthanatos-mediated cell death, its
protective role was attributed to the effect of the eucalyptol ingredient,
which restored the PARP protein activity [27].

Regarding the neurodegenerative effects of IONPs, the current study
demonstrated upregulation of the gene expression of «-S, -APP, and
TDP-43 in brain tissues of the IONPs group. These results agree with
those of Imam et al. [30], who reported increased a-S aggregation
associated with IONPs toxicity and attributed this aggregation to
IONPs-induced oxidative stress. Similarly, Sadeghi and Marefat [60]
reported increased B-APP and A expression in hippocampal cells after
exposure to IONPs. They suggested that p-APP upregulation might be
due to iron accumulation inside the cells, oxidative damage resulting
from IONPs toxicity, or a synergistic effect of both factors.

The pathogenesis of neurodegenerative disorders, such as

Parkinson’s disease and Alzheimer’s disease, is marked by multiple
features, including abnormal protein deposits in brain regions, such as
a-S aggregates, non-amyloid components of APP, and ubiquitin [7].
Additionally, it encompasses neuroinflammation, metal ion dyshomeo-
stasis (e.g., iron), oxidative stress, mitochondrial dysfunction, neurofi-
brillary tangles, AP plaques, synaptic toxicity, reduced brain
metabolism, brain stress, and BBB dysfunction [47].

a-S aggregates, the hallmark of Parkinson’s disease, form intracel-
lular inclusions known as Lewy bodies, impairing ionic homeostasis, and
synaptic transmission, leading to neuronal degeneration and death [7].
Similarly, the hydrolytic cleavage of §-APP results in the deposition of
soluble Ap oligomers, with the long-term accumulation and enhance-
ment of AP plaques causing a loss of synaptic plasticity and toxicity [15].
Furthermore, The TDP-43, a nuclear protein and the main protein
component of the ubiquitinated inclusions, forms cytoplasmic in-
clusions, leading to neuronal degeneration due to its nuclear depletion
[35].

Interestingly, the RO extract reversed these changes, highlighting its
neuroprotective role. This effect may be attributed to the inhibition of
Ap oligomerization, potentially facilitated by eucalyptol’s lipophilic
nature and ability to cross the BBB, protecting against iron-induced cell
death [27], or by the action of RO’s polyphenols and monoamines [25].
Additionally, RO enhances neuronal function by reducing p-APP levels
in the hippocampus [39].

Regarding the histopathological and immunohistochemical exami-
nation of brain tissues of IONPs, the present study revealed apoptotic
degeneration, vacuolization, and congestion of neuronal cells in the
brain sections of the IONPs exposed group. Additionally, there was a
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Fig. 6. Photomicrographs of immunohistochemical expression of occludin in the brain tissues of studied groups; (A) control group, (B) vehicle group, and (C) RO
extract group showed normal brain tissue with positive staining, indicated by the presence of brown granules (arrows) of occludin expressing cells. (D) The IONPs
group showed negative staining. (E) IONPs + RO extract group showed positive staining (occludin immunoreactivity x200). (F) A histogram demonstrating the area
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negative immunostaining reaction, with decreased occludin expression
in neuronal cells.

These findings are consistent with previous studies [14,38], which
reported neuronal degeneration, cell death, congestion, and other IONPs
induced structural changes in brain tissues [14]. These pathological
findings are linked to elevated brain iron levels, as IONPs can penetrate
the BBB more effectively, causing greater brain cell damage [56].
IONPs-induced oxidative stress alters cellular structures, while
increased iron binding to transferrin upregulates brain iron receptors,
enhancing iron transport across the BBB [2].

Occludin, a tight junction protein, is essential for BBB integrity, with
higher expression in neuronal tissues making the BBB less permeable
than other tissue barriers. BBB permeability is influenced by both the
expression levels and distribution of occludin. Reduced occludin
expression impairs BBB function, and elevated brain iron levels have
been shown to decrease occludin, leading to BBB disruption and brain
damage [72]. In this study, the increased brain iron levels in the
IONPs-treated group may be linked to suppressed occludin expression.

The administration of RO extract with IONPs revealed improvement
of neuronal degenerative changes, with only slight vacuolation
observed. Additionally, there was a strong immune-positive reaction,
with increased occludin expression in neuronal cells.

Previous studies have demonstrated the protective role of RO in
restoring structural brain tissue damage caused by toxic agents,
improving aging-related neuronal changes, and reducing BBB perme-
ability in acute ischemic injury [17,46,61]. This study further hypoth-
esizes that RO’s lipophilic component, eucalyptol, contributes to
repairing BBB disruption caused by IONPs-induced neurotoxicity.

The current study hypothesized a mechanistic cascade in which
IONPs-induced oxidative and nitrosative stress triggers DNA damage,
stimulating PARP-1 overactivation [26]. This overactivation elevates

*: p < 0.0001, *: p > 0.05. RO: Rosemary. IONPs: iron oxide nanoparticles.

TNF-a and upregulates NF-xB in neuronal cells via a DNA
damage-independent signaling pathway [54].

PARP-1-induced parthanatos contributes to neurodegenerative dis-
orders by upregulating inflammatory mediators, including TNF-a and
iNOS, exacerbating inflammation [43]. Additionally, overactivated
PARP-1 interacts with SIRTs, impairing the non-amyloidogenic pro-
cessing of B-APP [67], and producing PAR, which accelerates patho-
logical a-S aggregation, leading to neuronal cell death [37]. Similarly,
PARP-1 overactivation promotes TDP-43 cytosolic translocation and
aggregation, driving cytotoxicity in neurodegenerative disorders [44].

These findings provide new insights into the interplay between
neuro-oxidative stress, neuro-inflammation, and parthanatos-mediated
neuronal cell death, which collectively lead to neurodegenerative
changes, establishing IONPs as a potential risk factor for CNS toxicity.

5. Conclusion

The intravenous administration of IONPs induced neurotoxicity in
adult male rats, triggering a cascade of events, including structural
degenerative changes and elevated iron levels in brain tissues. This led
to reduced occludin expression and disruption of BBB, further exacer-
bated by the ability of NPs to penetrate BBB. IONPs-induced oxidative
and nitrosative stress, as evidenced by increased MDA and NO levels,
alongside reduced GSH. Additionally, IONPs caused neuro-
inflammation and parthanatos-mediated neuronal cell death by
increasing TNF-a levels, PARP-1, AIF, and NF-kB mRNA expression.
These incidents contributed to neurodegenerative changes, reflected in
increased mRNA expression of a-S, f-APP, and TDP-43.

Conversely, concurrent oral administration of RO extract alleviated
these effects by limiting the iron accumulation in brain tissues, exhib-
iting antioxidant effects via decreased MDA and increased GSH levels.
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Its anti-inflammatory properties were demonstrated through the
reduction of TNF-a levels and NF-kB mRNA expression. Additionally, RO
extract showed a newly discovered ability to attenuate parthanatos-
mediated neuronal cell death and repair the BBB, evidenced by
increased occludin expression and reduced structural brain tissue
damage.

Consequently, the current data suggest that RO supplementation
during IONPs administration holds promise to minimize potential health
risks, which should be corroborated by translational studies. Addition-
ally, further studies are needed to fully elucidate and confirm the role of
eucalyptol, as its potential effects require additional investigation to
validate the hypothesis proposed in this study.

6. Limitations of the study

The study did not assess oxidative stress markers such as superoxide
dismutase, catalase, glutathione peroxidase, glutathione S transferase,
or superoxide. Instead, it focused on reduced GSH, as it is the most
abundant antioxidant in all cellular compartments, and a positive
feedback loop exists between iron accumulation, low GSH levels, and
oxidative stress. The buildup of iron leads to a decrease in GSH levels,
which in turn triggers oxidative stress.
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