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INTRODUCTION

ABSTRACT

Aluminum phosphide (AIP) is a very dangerous pesticide that gives
off phosphine gas (PH3), which causes oxidative stress, lipid peroxidation,
and mitochondrial dysfunction, especially in lung tissue. This results in
inflammation, apoptosis, and severe pulmonary damage. Due to the absence
of an effective antidote, alternative therapeutic strategies are urgently
needed. This research investigates how nanocurcumin (NCU) can protect
against lung damage caused by AIP by changing the oxidative stress and
apoptosis pathways. Thirty-two rats were divided into four groups: Control,
NCU-only, AIP, and AIP +NCU. We analyzed the lung tissue histologically
and immunohistochemically. We evaluated the relative gene expression of
Nrf2, SOD, CAT, PCNA, BAX, and BCL2 via real-time PCR. Quantitative
image analysis was applied for histopathological scoring.

Results illustrated that exposure to AIP caused noticeable changes
in tissue structure, such as inflammation, thickened walls between air sacs,
and swelling of blood vessels. AlP-treated lungs significantly upregulated
Caspase-3 and PCNA. AIP lowered the levels of SOD and CAT proteins and
raised the BAX/BCL2 ratio, showing that it caused oxidative stress and
enhanced apoptosis. NCU administration significantly reversed these effects,
improving lung histology, reducing apoptosis markers, restoring antioxidant
enzyme expression, and lowering the BAX/BCL2 ratio by 85% compared to
the AIP group. Given its potent antioxidant and anti-apoptotic effects, NCU
may represent a promising adjunct in future clinical detoxification protocols
for aluminum phosphide poisoning. However, advancing this to clinical
practice requires further investigation about dose optimization and
pharmacokinetic studies to ensure safety and efficacy.

Aluminum phosphide (AIP) is an industrially used pesticide that poses a high toxicity

risk, especially to non-target organisms, such as humans. These characteristics combined with
its low cost, easy application process, and ability to preserve grains have made it one of the
most effective grain preservation methods in use today, especially in resource-limited
developing countries (Abdolghaffari et al., 2015).
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AlP is commonly known to be fatal
on skin contact, inhalation, or ingestion.
Multi-organ failure is the main cause of death
in 30-70% of cases (Jafari et al., 2015).

Aluminum phosphide toxicity exerts
its harmful effect on lungs through the release
of phosphine gas (PH3) and lipid
peroxidation. This creates oxidative stress,
causing harm to mitochondria and cellular
structures (Hsu ef al., 1998). Oxidative stress
has a pivotal role in AIP poisoning. Extensive
research demonstrates that AIP exposure
alters the oxidant-antioxidant equilibrium,
leading to inflammatory responses, alveolar
damage, and compromised breathing capacity
(Kariman et al., 2012).The lack of an
effective antidote has restricted treatment
strategies for these patients to only emergency
symptom management. This shows the need
for alternative therapeutic strategies to protect
against AlP-mediated lung injury.

The polyphenolic compound
curcumin, extracted from the rhizome root of
the herb Curcuma longa, has been
investigated for its wide range of antioxidant,
anti-inflammatory, and  cytoprotective
activities (Menon and Sudheer, 2007).
However, the clinical application of curcumin
1s limited due to its low bioavailability, rapid

metabolism, and poor water solubility
(Hussain et al., 2017).
With recent advancements in

nanotechnology, nanocurcumin (NCU) has
been developed. This curcumin form has
enhanced absorption, a longer half-life in the
body, and higher tissue delivery than normal
curcumin (Karthikeyan et al., 2020). In vitro
studies show that NCU has much stronger
anti-inflammatory and antioxidant properties.
This makes NCU a potentially useful
molecule for treating lung damage caused by
oxidative stress (Dende et al., 2017).
Although NCU has  several
advantages, there is limited literature
investigating its effects on AlP-induced lung
damage. The aim of this study is to fill in this
gap by looking into whether NCU can reduce
the damage produced by AIP in the lungs by
modulating the levels of oxidative stress.

Specifically, we examined the
histopathological, immunohistochemical, and
molecular changes in lung tissue. By
elucidating the NCU's cytoprotective
mechanisms, this research could pave the way
for targeted therapies against AIP poisoning
and other oxidative stress-related disorders.
MATERIALS AND METHODS
1-Synthesis of Curcumin Nanoparticles:
Chitosan (MW 71.3 kDa, degree of
deacetylation (89%) was purchased from
Aldrich (Germany), while sodium alginate
(77%) was purchased from Sigma Chemical
Co. (St. Louis, USA). Hexane, ethanol and
dimethyl sulfoxide were purchased from
Sigma Chemicals, India. All other reagents
were purchased from Aldrich (Germany).
Curcumin (95% total curcuminoid content)

powder was obtained from the fisher
scientific company.
Curcumin  nanoparticles  were

prepared in accordance with (Basniwal et al.,
2014, and Abdel Wahab & Swaefy, 2020)
protocols by extraction from curcumin
powder, chitosan and sodium alginate (3:1
(v:v) at molar ratio) were used as carriers of
curcumin nanoparticles.

Ten grams of curcumin powder were milled
with hexane and 97% ethanol (1:1 (v: v) for 3
h. then 50 mg of curcumin was dissolved in
dimethyl sulfoxide (15 ml) and left for 24 h at
3°C. Next 3 ml of curcumin solution was
added into warm water (40°C), the mixture of
chitosan and sodium alginate was added
gradually and left for 6 h. under magnetic
stirring at 30°C, after that the mixture was
sonicated for 20 min with an ultrasonic power
of 100 W and a frequency of 30 kHz.
Subsequently, the mixture was centrifuged at
1500 rpm for 45 minutes, which was
thereafter cooled in an ice bath and then the
precipitate obtained was filtered, the end
solution was then exposed to 1.5 psi of
pressure for 10 hours discontinuously.

The morphology and size of the
nanoparticles were examined by using a
JEOL 1010 transmission electron microscope
at 80 kV (JEOL, Japan). One drop of the
nanoparticle solution was spread onto a



Protective Effect of Nanocurcumin Against Aluminum Phosphide-Induced Lung Injury 35

carbon-coated copper grid and was then dried
at room temperature for transmission electron
microscopy (TEM) analysis. The sizes were
determined directly from the figure by using
Image-Pro Plus 4.5 software. The value is an
average size of three parallels.

2-Animals and Ethical Approval:

This study was conducted in
compliance with ethical guidelines for animal
research and was approved by the
Institutional Animal Care and Use Committee
(IACUC) wunder protocol number CU
0909203766 (9/09/2023). The experiment
was done according to the National Research
Council Guide for the Care and Use of
Laboratory Animals and its related
guidelines.

Thirty-two adults male Wistar rats
(weighing 140-200 g) were obtained from the
institutional animal house. Rats were housed
in polypropylene cages under controlled
environmental conditions: temperature (22 +
2°C), relative humidity (50-60%), and a 12-
hour light/dark cycle. Standard chow and
water were provided ad libitum. Animals
were acclimatized to laboratory conditions for
one week before the experiment.
3-Experimental Design and Grouping:

All rats were randomly distributed
equally into four groups: Control group:
received almond oil only (vehicle), NCU
group: Administered nanocurcumin (8
mg/kg) orally for 5 days, AIP group: A single
oral dose of AIP (12 mg/kg) dissolved in
almond oil administered by gastric gavage,
and AIP + NCU group: Administered both AIP
(12 mg/kg) once and nanocurcumin (8 mg/kg)
for 5 days.

To minimize bias, investigators
were blinded to group assignments during
histopathological, immunohistochemical, and
PCR analyses. Rats were randomly assigned
to treatment groups using a computerized
random number generator.
4-Rationale for Sample Size and Dosage:

The sample size of eight animals
per group was selected based on precedent
from similar toxicological and gene
expression studies involving aluminum
phosphide-induced oxidative stress (Anand et

al., 2012; Kalpana and Menon 2004). This
sample size strikes a balance between ethical
use of animals and sufficient sensitivity to
detect differences in mortality,
histopathology, and qPCR-based gene
expression, consistent with accepted norms in
rodent experimental toxicology.

Previous research determined the
dose of AIP (12 mg/kg) based on its toxic
mortality range (Haghi-Aminjan et al., 2018).
Also, oxidative stress was reduced in
experimental models with NCU set at 8
mg/kg (Ghasemi et al., 2023).
5-Humane Endpoints Monitoring:

We monitored each animal daily for
possible signs of toxicity, variations in
weight, food intake, and other activities. We
developed humane endpoints to alleviate
suffering, including weight loss (>20% of
body weight), severe respiratory distress, and
unresponsiveness to stimuli. At the end of day
5, rats were treated with an overdose of
sodium pentobarbital (100 mg/kg i.p.) for
euthanizing them.
6-Histological Sectioning:

Collected lung tissues were placed
in 10% neutral-buffered formalin for 24
hours. The samples were dehydrated in
graded alcohols, cleared in xylene, and
paraffin embedded. The blocks were then
sectioned at 5 pm and stained for structure
with H&E (Sheehan and Hrapchak, 1980).
7-Immunohistochemical Staining:

We  conducted all immune-
histochemistry  using the  guidelines
prescribed by Ramos-Vara et al. (2008).
Tissue blocks were heated at 95 degrees
Celsius in citrate buffer (pH 6.0) for 10
minutes to remove the paraffin and rehydrate
them. After turning off the body's own
peroxidase, sections were covered in caspase-
3 (1:200 dilution, Abcam, UK) and PCNA
(1:150 dilution, Abcam, UK) primary
antibodies and left to sit overnight at 4
degrees Celsius. A biotinylated secondary
antibody was added to the cells, and then
sections were looked at using a DAB
chromogen system. Subsequently, the images
were taken by a light microscope at a
magnification of 40x (Oktay et al., 1995).
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8-Real-Time PCR in Gene Expression
Analysis:

Total RNA was extracted from rat
lung tissues using the Qiagen RNeasy kit
(Hilden, Germany). The spectrometer's
NanoDrop measured the RNA purity
(260/280 ratio). cDNA synthesis was carried
out on the RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher, USA). We used

the real-time SYBR Green PCR master mix
method (Applied Biosystems, USA) to detect
the relative gene expression of Nrf2, SOD,
CAT, PCNA, BAX, and BCL2. Relative
expression was evaluated using the 2°’AACT
method. A housekeeping gene (GAPDH) was
utilized to standardize results (Livak and
Schmittgen, 2001). Table 1 shows the primer
sequences.

Table 1: Primer sequences of the studied genes

Gene Primer sequence
BAX F: 5" CGGCGAATTGGAGATGAACTGG 3’

R: 5' CTAGCAAAGTAGAAGAGGGCAACC 3’
BCL2 F: 5 TGTGGATGACTGACTACCTGAACC 3’

R: 5' CAGCCAGGAGAAATCAAACAGAGG 3’
Nrf2 F: 5 CTCTCTGGAGACGGCCATGACT 3’

R: 5" CTGGGCTGGGGACAGTGGTAGT 3’
SOD F: 5" ACTGGTGGTCCATGAAAAAGC 3’

R: 5" AACGACTTCCAGCGTTTCCT 3’
CAT F: 5" CGACCGAGGGATTCCAGATG 3’

R: 5" ATCCGGGTCTTCCTGTGCAA 3’
GAPDH | F: 5 GGTGGTCTCCTCTGACTTCAACA 3’

R: 5" GTTGCTGTAGCCAAATTCGTTGT 3’

PCNA, proliferating cell nuclear antigen; Nrf2; NF-E2-related factor 2; SOD, superoxide
dismutase; CAT, catalase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

9-Statistical Analysis:

Data were analyzed using SPSS
version 21.0 (IBM, USA). Results were
expressed as mean + standard deviation (SD).
We performed one-way analysis of variance
(ANOVA) and Bonferroni post-hoc tests for
multiple comparisons. A p-value < 0.05 was
considered statistically significant.

RESULTS
1.1-Nanoparticle Characterization:
Nanoparticles were uncontrolled in
shape with a size range of nearly (32-39 nm)
with crystal structure suspension and 98.5%

purity (Fig. 1).
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Fig. 1: TEM picture of curcumin nanoparticles.

1.2-Lung Structure Revealed by H&E
Staining:

The histological scoring of lung
damage was assessed. Inflammation, alveolar
thickening, and vascular congestion were the
essential markers of pulmonary injury.

In the control group, all parameters exhibited
a standard score of 1.0, indicating no
significant histological alterations (Figs. 2, 3-
a). In the same way, the NCU group's lung
tissue structure didn't change much;
inflammation scored 1.1, while alveolar
thickening and vascular congestion stayed at
1.0 (Fig. 2). This suggests that NCU

032.6 nm

¥ 35.3 nm

:£’36.5nm

100 nm
HV=80.0kV
Direct Mag: 60000x

administration  alone  doesn't
histological lung damage

The AIP group showed the highest
severity scores, with inflammation (4.5),
alveolar thickening (3.8), and wvascular
congestion (4.2). These findings indicate that
AIP induces significant pulmonary injury
(Figs 2, 3 b-c). The AIP + NCU group
exhibited a considerable reduction in lung
damage severity compared to the AIP group.
Inflammation scores decreased to 2.2,
alveolar thickening decreased to 1.9, and
vascular congestion decreased to 2.0. These
reductions imply that NCU administration
reduces AlP-induced lung injury (Figs 2, 3-d).

cause
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Fig. 2 Histological Scoring of ' Lung Damage
Histological Damage

3 Inflammation
4 B Alveolar Thickening
3 Vascular Congestion
2.2
19 20

Control NCU-Only AIP+NCU
Experimental Groups

Fig. 2: Bar chart shows how the lung damage was scored by histology in the experimental
groups. Three histological parameters were assessed: inflammation, alveolar thickening and

vascular congestion.

w

Severity Score
N

Fig. 3: The morphology of the lungs in various groups. Alveolar sacs (S) alveoli V),
interalveolar septa (SP), bronchi (Br), and blood vessels (BV). a: shows the normal lung
architecture of a control rat. b & c: show inflammatory cells (IF), the interalveolar septa getting
thicker (SP), blood vessels getting bigger (BV), and blood leaking out (RB) after rats were
given AlP. d: There were no problems with the lungs of the AIP+NCU rat, but the interalveolar
septa (SP) were thicker, and there were cells that caused inflammation (IF). The scale bar

measures 200 m (a-d) in H & E.
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1.3-The General Toxicological Data:

The mortality graph indicates that
50% of rats in the AlP-treated group died,
while the co-administration of NCU
significantly reduced mortality to 17% (Fig.
4-a). Other than these rats, the remaining rats
in all the groups continued to consume food
and water, exhibiting stable health conditions
overall.

In the AIP group, mortality occurred
within 24-48 hours following aluminum
phosphide administration. The deaths were
consistently  preceded by  observable
toxicological signs, including hypoactivity,
piloerection, breathlessness, and progressive
weight loss. All gavage administrations were

39

performed by trained personnel under direct
supervision. Necropsy examinations revealed
no evidence of mechanical trauma,
hemorrhage, or esophageal damage that
would suggest a procedural cause of death. In
contrast, the AIP + NCU co-treated group
showed improved outcomes, with mortality
reduced to 17%, indicating a protective effect
of NCU.

The average weight among all rats
was 122.5 + 8.8 g as the starting weight. The
body weight loss graph reveals that AIP
exposure caused a 23% weight reduction,
whereas the AIP + NCU group exhibited a
lesser 10% weight loss with significant
difference between both groups (Fig. 4-b).
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NCU-Only AIP AIP+NCU

Fig. 4-a: Mortality rates among study groups. 4-b: Percentage of body weight loss among study
groups. * significant difference at p < 0.05, ** highly significant difference at p <0.001.

1.4-Immunohistochemical Assessment of
Caspase-3 and PCNA:

The immunohistochemical
evaluation revealed critical insights into the
apoptotic and regenerative responses of lung
tissue following aluminum phosphide (AIP)
exposure and nanocurcumin  (NCU)
intervention.

Caspase-3 Expression:

In the AlP-treated group, there was a
marked  upregulation  of  caspase-3
immunoreactivity, with widespread brown
cytoplasmic staining evident in alveolar and

bronchial epithelial cells. This elevation
(30.0+7.9%; p <0.001) indicates heightened
apoptotic activity triggered by AlP-induced

oxidative stress and mitochondrial
dysfunction (Figs. 5¢c & 7).
Co-treatment with NCU

significantly attenuated this expression to
12.6 +2.8%, with a visibly reduced staining
intensity and distribution, suggesting a
protective,  anti-apoptotic  effect  of
nanocurcumin (Figs. 5d &7).

In both NCU-only and control groups,
caspase-3 expression remained low and
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comparable (5.2+2.1% vs. 4.0%+1.6%),

affirming the non-toxic profile of NCU under

77 ? ‘3\ W

basal  physiological conditions

5b,5a&7).

(Figs.

MR t

Fig. 5: Capase;3 immunohistochemi of lung tissue in different stud groups (a) Control

group, (b) NCU group, (c) AIP group, (d) AIP + NCU group.

PCNA Expression:

PCNA staining, used to detect
cellular proliferation or repair activity, was
significantly increased in the AIP group
(38.8+6.3%; p<0.001), with strong nuclear
localization in alveolar and bronchial
epithelium. This increase likely reflects
compensatory hyperplasia in response to
tissue injury (Fig. 6c¢).

The AIP + NCU group demonstrated
a notable reduction in PCNA expression
(23.2+3.3%), indicating reduced
proliferative  stress and  histological
improvement (Figs. 6.d&7).
The NCU-only group again paralleled the
control (14.0£2.0% vs. 12.8+1.9%),
supporting the safety and biological neutrality
of nanocurcumin in normal lung tissue (Figs.
6b, 6a&7).
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Fig. 6: PCNA immunohistochemistry of lung tissue in different study groups (a) Control
group, (b) NCU group, (c) AIP group, (d) AIP + NCU group.

Optical Density of Caspase 3 and PCNA Across Groups

B Caspase 3 (%)
== PCNA (%)
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Fig. 7: Quantitative analysis of caspase-3 and PCNA positive cells among experimental
groups. Bar chart shows the percentage of caspase-3 and PCNA immune-positive cells.
Aluminum phosphide (AIP) exposure significantly increased both caspase-3 and PCNA
expression compared to control (p <0.001), indicating elevated apoptotic and proliferative
activity. Co-treatment with Nanocurcumin (AIP + NCU) markedly reduced both markers
relative to the AIP group (p <0.001), demonstrating a protective effect. The NCU group alone
showed no significant difference from the control, suggesting that Nanocurcumin does not
induce apoptosis or proliferation under basal conditions. Values are expressed as mean + SD.
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1.5-Relative Gene Expression Analysis via
Real-Time PCR:
1.5.1-Oxidative Stress Markers:

Exposure to AIP led to a marked
downregulation in the relative gene
expression of Nrf2, SOD, and CAT,
indicating significant oxidative stress and
impaired antioxidant defense. AlP-treated

samples exhibited significant reduction to
0.21 for Nrf2, 0.31 for SOD, and 0.19 for
L2 i B

Shimaa S. El-Din et al.

CAT, compared to control values
approximating unity (1.02—1.03). In contrast,
when NCU was added to the treatment (AIP +
NCU group), it greatly improved the
situation, bringing the levels of Nrf2, SOD,
and CAT back up to 0.83, 0.78, and 0.76,
respectively. The NCU-only group showed
similar levels of the three genes as the control
group, indicating that NCU alone does not
change antioxidant gene expression (Fig. 8).

[ Control
1 NCU
| | | | | | . AP
1.0 | | | | | I == AP + NCU
I
- 0.8} | | |
) | '
A
g
o
o5 0.6
(]
2
Lol
©
o
0.4t
i .
0.0

Nrf2

SOD CAT

Fig. 8: Relative mRNA expression levels of antioxidant genes (Nrf2, SOD, and CAT) across
experimental groups. Gene expression was significantly downregulated in the AIP group
compared to the control, indicating oxidative stress and impaired antioxidant response. Co-
treatment with Nanocurcumin (AlP + NCU) markedly restored expression levels of Nrf2, SOD,
and CAT (p < 0.05). The NCU-only group exhibited expression profiles approaching the

control group.

1.5.2-Apoptotic Markers:

In the AlIP-treated group, there was
a significant upregulation of BAX (4.28-fold)
coupled with a profound downregulation of
BCL2 (0.15-fold), resulting in an elevation of
the BAX/BCL2 ratio (20.12), indicative of a
strong pro-apoptotic shift. Conversely, co-
treatment with Nanocurcumin (AIP + NCU
group) significantly  attenuated BAX
expression (2.24) and restored BCL2 levels

(0.80), thereby reducing the BAX/BCL2 ratio
to 2.83. The NCU-only group showed
expression levels of BAX (0.98), BCL2
(1.01), and BAX/BCL2 ratio (1.00)
comparable to the control group, indicating
that Nanocurcumin alone does not disrupt
apoptotic balance. These findings confirm the
potent apoptotic effect of AIP and emphasize
the protective role of Nanocurcumin in
reducing apoptosis signalling pathways (Fig.
9).
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Fig. 9: Relative mRNA expression of apoptosis-related genes (BAX, BCL2) and BAX/BCL2
ratio across experimental groups. Aluminum phosphide (AlP) exposure resulted in significant
upregulation of the pro-apoptotic gene BAX and downregulation of the anti-apoptotic gene
BCL2, leading to a marked increase in the BAX/BCL2 ratio (20.12), indicating enhanced
apoptotic activity. Co-treatment with Nanocurcumin (AIP + NCU) significantly diminished
these changes by reducing BAX expression and partially restoring BCL2 levels, thus lowering
the BAX/BCL2 ratio to 2.83. The NCU-only group showed gene expression profiles

comparable to the control group.

DISCUSSION

In this study, giving AIP at a dose of
12 mg/kg caused a 50% death rate, which
matches its known lethal dose range of 8.7—
12.5 mg/kg (Jafari et al, 2015) Co-
administration of nanocurcumin (NCU)
significantly reduced mortality to 17%,
highlighting its protective effect against AIP-
induced toxicity. Additionally, AIP exposure
led to a substantial reduction in body weight,
whereas rats co-treated with NCU exhibited
only a 10% weight loss, suggesting
attenuation of systemic toxicity. These
clinical features align with previously
reported manifestations of AlP-induced
systemic toxicity due to phosphine gas release
and mitochondrial dysfunction, rather than
procedural complications such as gavage-
related aspiration (Haghi-Aminjan et al.,
2018; Sciuto et al., 2016).

Histologically, AlP exposure
produced  pronounced lung  damage
characterized by alveolar thickening,

interstitial inflammation, vascular congestion,
and hemorrhage. These findings are
consistent with the known pulmonary toxicity
of AIP, which is closely linked to oxidative
injury (Sciuto et al., 2016). In contrast, the
NCU-treated group exhibited preserved lung
architecture, reduced inflammatory
infiltration, and improved vascular integrity,
as reflected in the significantly lower
histopathological damage scores.

The mechanistic underpinning of this
injury is primarily attributed to oxidative
stress, which arises from an imbalance
between reactive oxygen species (ROS)
production and the antioxidant defense
system (Birben et al., 2012; Mccord, 1993).
AlP exposure greatly reduced the levels of
important antioxidant enzymes: SOD by
approximately 70%, and CAT by 81%,
relative to the control group. This corresponds
to a reduction in CAT expression to 0.19-fold
compared to baseline levels. This decline is in
line with previous studies documenting AIP-
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induced oxidative depletion (Kariman et al.,
2012; Shakeri and Mehrpour, 2014). SOD
catalyzes the conversion of superoxide
radicals into hydrogen peroxide, which is
subsequently detoxified by CAT. Thus, their
suppression contributes to the accumulation
of ROS and ensuing tissue damage (Wang et
al., 2018).

NCU administration restored SOD
and CAT gene expression where a significant
difference is shown compared to the AIP
group, supporting its role in redox balance.
These antioxidant effects are attributed to the
phenolic structure of curcumin, which enables
ROS scavenging, enzyme modulation, and
inhibition of free radical-generating enzymes
(Marchiani et al., 2014; Rathore et al., 2020).

The protective effects of NCU are
further supported by its ability to enhance
Nrf2 expression (Rajabi ef al., 2024). Nrf2 is
a master regulator of the antioxidant response.
The observed upregulation of Nrf2 in the AIP
+ NCU group suggests activation of the Nrf2—
ARE  (antioxidant response element)
pathway, which is known to induce the
transcription of various cytoprotective genes,
including heme oxygenase-1 (HO-1) and
NAD(P)H quinone dehydrogenase 1 (NQOI)
(Menon and Sudheer, 2007; Panahi et al.,
2016; Saad El-Din et al., 2020). Even though
this study didn't directly measure these
downstream effectors, their known functions
in reducing oxidative stress and protecting
mitochondria highlight how nanocurcumin
might work to protect cells. Future studies are
needed to check the activity of these
downstream genes and confirm that the Nrf2—
ARE signalling pathway is fully activated.
The upregulation of Nrf2 in the NCU treated
group thus confirms its involvement in

cellular defense mechanisms, including
antioxidant, anti-inflammatory, and anti-
apoptotic pathways.

At the molecular level, AIP

significantly increased caspase-3 expression,
indicating activation of the intrinsic apoptotic
pathway (Puetal, 2017; Liet al., 2015). This
was further supported by a two-fold rise in
PCNA, suggesting increased cellular turnover

or repair in response to injury. The apoptosis
pathway was additionally confirmed by
changes in BAX and BCL-2 expression. AlIP-
treated lungs showed upregulation of pro-
apoptotic BAX and marked downregulation
of anti-apoptotic BCL-2, resulting in a 20-
fold elevation in the BAX/BCL-2 ratio—an
established indicator of apoptotic sensitivity
(Abdel Fattah et al., 2023). These alterations
were mitigated by NCU co-treatment, which
reduced caspase-3 and BAX expression,
restored BCL-2 levels, and decreased the
BAX/BCL-2 ratio to near-control values. Our
findings could provide a foundation for future
clinical applications aimed at improving
outcomes in cases of AIP poisoning.
Conclusion

This  study demonstrates that
curcumin nanoparticles (NCU) significantly
attenuate the histopathological and molecular
alterations induced by aluminum phosphide
in lung tissue. The protective effect of NCU
is primarily mediated through the modulation
of oxidative stress, as evidenced by the
restoration of SOD, CAT, and Nrf2
expression, along with the suppression of
caspase-3, PCNA, and the BAX/BCL-2 ratio.
Given 1its potent antioxidant and anti-
apoptotic effects, NCU may represent a

promising adjunct in future clinical
detoxification protocols for aluminum
phosphide poisoning. However, clinical

translation will require dose-optimization

studies, pharmacokinetic profiling, and
validation in human trials to ensure safety and
efficacy.
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