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Abstract

ALUMINUM oxide (Al,O3) nanoparticles (NPCs) are widely used in various medical purposes,
including drug delivery; thus, the safety evaluation of their toxicity is crucial. The present study

aimed to evaluate the hepatotoxic potential of Al,O; nanoparticles in rats and clarify the molecular
pathways that mediate their effect. The oral intoxication of rats with two different shapes of
Al,0; NPCs (nanoparticles spheres-NPS) and nanoparticles rods-NPRs) were performed, the doses
were 20 mg and 40 mg/kg b.w. daily for 2 months. At the end of the experimental period, blood and
liver samples were collected to determine liver biochemical enzymes and oxidative stress markers, in
addition to histopathological evaluation of the liver. The immunohistochemical characterization of
AMPK and SIRT-1 was also investigated. Results revealed that Al,O; NPCs induced a significant
increase in hepatic enzymes and oxidative stress parameters in a dose-dependent manner, severe
histopathological hepatic alterations, including macro- to microvesicular hepatic steatosis,
hepatocellular necrosis, in addition to severe portal reactions characterized by microangiopathy with
portal cholangiofibrosis. Downregulation of AMPK and SIRT-1 expression in hepatic parenchyma
was evident. Conclusion: The present study confirmed that aluminum nanoparticles have hepatotoxic
potential in  rats through the induction of oxidative stress and the downregulation of AMPK and
SIRT-1.
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Introduction

Metal oxide nanoparticles (MONPs) are inorganic
materials that have become a valuable tool for many
industrial sectors, especially in healthcare, due to
their versatility, unique intrinsic properties, and
relatively inexpensive production cost. Because of
their wide applications in biology and medicine, for
example, nano-metals and their oxides, such as
Nano-silver,  nano-copper, and nano-zinc, are
gradually applied in biomedical fields such as

medical antibacterial, cancer treatment, and other
clinical fields [1].

Metallic nanoparticles (silver, gold, and silver—
gold alloy nanoparticles) with their unique properties
play a significant role in preventing blood clot
formation, dissolution of blood clots, and enhanced
thrombus (blood clot) imaging in vivo [2], so human
exposure to MONPs has increased dramatically. This
requires these materials to undergo laboratory
experiments.
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One of the materials that received our attention
due to the spread of its use is Aluminum oxide
nanoparticles (Al,O; NPs). Various studies have
focused on using Al,O; NPs to improve the targeting
of wvaccines, increasing cellular uptake, and
improving permeability and efficacy [3]. The
application of Al,O; NPs in cancer therapy has been
studied due to the powerful induction of a cellular
immune response by Al,O; NPs. A recent study
showed exceeding performance in anti-tumor vaccine
design based on Al,O3; NPs [4]. Other uses include
biomolecular  preservation and  stabilization,
Industrial production as gas sensors, and medical
sensors.[5&6]

ALNPs have toxic effects on different body
systems, including the nervous system, hepatorenal,
reproductive, and musculoskeletal through oxidative
stress, inflammation, genotoxic effects, and depletion
of the antioxidant system. The toxicologic effects of
ALNPs included neuroinflammation and Alzheimer's
disease, hepatorenal dysfunction, reduction in sperm
quality, and impairment in bone mineralization.
[7,8,9].

The potential cytotoxic effect of nanoparticles
(NPCs) depends upon the interaction of NPCs with
the cells; the aspect ratio of the particle determines
cellular uptake and toxicity, and the longer and
thinner the particle, the more toxic the potential,
while the larger the aspect ratio, the more decreased
cellular uptake and toxicity result [10]. In this
aspect, the long rod non-functionalized particles
between 15 and 30 nm, thickness assumed to be
slightly cytotoxic. The spherical-shaped aluminum
oxide nanoparticles have a greater surface area and a
more toxic effect [11]. Previous studies have
focused on the effect of the shape of NPCs on their
toxicities; Dong et al. [12]. stated that nanorods had
more adverse effects on astrocytes compared with
nanoflakes at the same sublethal exposure to
different concentrations (31.25, 62.5, and 125
pg/mL) for 72 h.

Several studies were conducted to evaluate the
hepatorenal toxic potential of AL,O; NPs in animal
models. Kumari et al. [13] found that Al,O; had
a hepatotoxic effect, with greater toxicity for smaller
sizes compared to larger ones. Yousef et al., [8]
showed that oral treatment with AL and ZN oxide
nanoparticles caused hepato-renal toxicity with
the development of focal necrosis in the liver and
congestion of the central vein, degeneration in
hepatocytes, on the kidney level, degeneration and
cellular infiltration in renal tubules, vacuolation and
distortion in renal corpuscles and shrinkage of their
capillaries. Alghriany et al., [14] revealed that
Al,Oz and Al,O; NPs induced hepatocyte apoptosis
decreased antitrypsin and IgG in the serum, increased
total white blood cells, and excessive inflammatory
activation, in addition to induction of hepatic fibrosis
by increasing amounts of pro-fibro genic chemicals,
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such as the transforming growth factor-f1 in mouse
liver responsible for increase activation of hepatic
stellate cells.

The present study has focused on evaluating the
hepatotoxic potential of different shapes of
aluminum oxide nanoparticles-AL,03; NPs (spheres
and rods) in rats via estimation of oxidative hepatic
markers, hepatic  histopathology, and selective
characterization of SIRT-1 and AMPK hepatic
expression by immunohistochemistry.

Material and Methods

Aluminum oxide nanoparticle synthesis

Aluminum oxide nanoparticles with a spherical
shape were synthesized using a water-in-oil
microemulsion technique [15] . Briefly, an aqueous
solution of 1 M AICIl; was added dropwise to
the cyclohexane and Triton X-100 mixture (70:30
w/w) while stirring. Ammonia solution was added to
hydrolyze AICI; until the reaction system pH reached
~9.5 to produce Al,O3 precursors. Next, ethanol
(95%) was added to the mixture and stirred for 30
minutes until evaporation. The NPs were pelleted by
centrifugation at 12,000 rpm, followed by washing
with ethanol and water three times each.

Aluminum oxide nanorods were synthesized as
previously described [16]. Briefly, ethylene diamine
solution was added dropwise to the aqueous solution
of aluminum nitrate while stirring until the pH
reached ~5. After stirring for 30 minutes, the
reaction mixture was incubated at 180°C in an oven
for 72 hr. Afterward, the mixture was immediately
cooled and centrifuged at 12,000 rpm, then washed
with ethanol and water three times each.

Al,O5; NPs characterization

Unhydrated NP diameter was determined using a
high-resolution transmission electron microscope
(JEOL, JEM-2100) at an accelerating voltage of 200
kV. Average diameters of 500 particles were
determined from TEM images (n=3) using image
analysis software (ImageJ, National Institutes of
Health, version 1.5a, ImageJ.nih.gov). Zeta potential
analyses were performed to determine the surface
charge of hydrated NPs [Malvern, Malvern, UK
(Zeta sizer Nano ZS90)[17].

Animals and ethics statement

Thirty-five mature male Wister rats, weighing
150 gm. were obtained from the animal house of
VACSERA and housed in a plastic cage. The
experimental animals had access ad libitum to water
and a balanced commercial pelleted diet. Animals
were maintained in a controlled atmosphere, a
temperature of 25 + 5 °C and 50-70% humidity, a
light/ dark cycle of 12 hr. /12 hr.

The experimental procedures were approved by
the Ethical Committee of the Institutional Animal
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Care and Use Committee (IACUC), Cairo
University, Egypt (approval number: CU Il F 13 22).

Experimental design

Thirty-five rats were divided into five groups 7
rats per group, control untreated rats received 0.5 ml
of distilled water, Al,O; NPs treated groups with two
different shapes (spheres and rods) at doses of 20 mg
and 40 mg/kg B.W. of body weight for the two
shapes, treatment was conducted orally using gastric
intubation once daily for 2 months, at the end of
an experimental period blood collection was
performed then rats were euthanized and livers were
collected for further processing.

Determination of Serum Hepatic Enzymes

Serum samples were collected from different
experimental groups of rats following the 60-day
exposure period. Estimation of  alanine
aminotransferase (ALT) and alkaline phosphatase
(ALP) using spectrophotometric Kits provided by Bio
Diagnostic Kits, Giza, Egypt, and according to
Reitman [18].

Determination of Total Antioxidant Capacity (TAC)

The liver tissue homogenate was used for
the estimation of TAC content using
spectrophotometric kits provided by Bio Diagnostic
Kits, Giza, Egypt.[19]

Histopathological &histochemical evaluations

Liver specimens were routinely fixed in neutral
buffered formalin and then processed according to
Suvarna et al. [20]. Liver histological slide sections
were examined in an Olympus BX43 light
microscope and captured using an Olympus DP27
camera linked to cellSens dimensions software
(Olympus). Scoring of liver lesions was performed
into four grades as follows: 1(minimal),2 (mild),
3(moderate), and 4 (severe).

In addition, the selected section was stained by
Masson’s Trichrome (MTC) for characterization of
collagen deposition

Immunohistochemical evaluation of SIRT-1 &AMPK
hepatic expressions

Histological hepatic sections were
immunoassayed using an immunohistochemistry
detection kit against SIRT1, and AMPK (ab110304),
bs-22269R, Santa Cruz Biotechnology, Inc.,
Heidelberg, Germany, dilution of 1:200). Sections
were deparaffinized in xylene (3 changes of each for
5 min), then hydrated in a decreasing gradient of
alcohol for 5 min each. Endogenous peroxidase was
blocked by immersing sections with 3% hydrogen
peroxide in methanol, followed by heat-induced
antigen retrieval in 10 mM citrate buffer with 0.05%
Tween-20 (pH 6.0). After cooling, Sections were
treated with primary antibodies (1:200 dilution) in
blocking solution for 2h 30min at room

temperature, followed by horse radish peroxidase
(HRP) labeled secondary antibody for 30 minutes at
room temperature (anti-Rabbit HRP-DAB Micro-
polymer IHC Kitab236466, Abcam, Cambridge,
UK, 1:200). Staining was visualized by covering the
sections in buffer containing 3'-3" diaminobenzidine
(DAB) ((Pierce™ DAB Substrate Kit (34002),
Thermo Scientific, Inc., Rockford, IL, USA) was
used to develop the reaction for 5 min,
counterstained by hematoxylin counterstaining. After
dehydration, sections were mounted and images were
captured with cell Sens Dimension software,
Olympus, Tokyo, Japan. Negative control slides were
prepared by removing the primary antibody
incubation step.

Statistical analysis

All statistical analyses in GraphPad Prism version
9.3.1 (GraphPad Software, La Jolla, CA) were
performed using one-way and two-way analysis of
variance (ANOVA) with Tukey multiple comparison
test. p values < 0.05 were considered statistically
significant.

Results
Synthesis and Characterization of Al,O3; NPs

The morphology of Al,O; NPs is depicted in
Fig.1A. Al,O3 NPs exhibit a spherical morphology
with an average diameter of 34.5 £ 5.2 nm, while
(Fig.1B) a rod-shaped morphology with an average
diameter of 21.4 + 4.7 nm and an average length of
166.8 + 17.4 nm. The zeta potentials of Al,O; NPs,
sphere and rod shapes, are measured to be -17.2 + 0.4
mV and -13.4 £ 0.3 mV, respectively.

Biochemical Analysis

The serum ALP and ALT levels were
significantly increased in higher doses of the
intoxicated groups and nanospheres, more than nano
rods Al,O3 NPs, compared with lower doses and the
control group. (Fig.2 A, B).

Reduction of TAC in the liver

A dose-dependent reduction in the total
antioxidant activity level in liver tissue was detected
in rats that received nano spheres rather than nano
rods (Fig.3).

Histopathological findings

Microscopic examination of the control group
revealed normal hepato-parenchymal architecture.
The microscopic examination of the intoxicated
group revealed various hepatic alterations, and the
lesion score was summarized in Fig.4. The lesion
severity was dose and shape-dependent. The
microscopic examination of nanospheres (NPS)
revealed hepatocellular apoptosis (Fig.5A), and focal
random macrovesicular steatosis was evident
(Fig.5B). The portal triads exhibited
microangiopathy characterized by hyaline thickening
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of portal vasculature that involved both hepatic
arterioles and portal venules associated with
endothelial  swelling  (Fig. 5C&D), portal
mononuclear cell aggregation (C), minimal portal
fibroplasia, and oval cell proliferation (G&H). The
hepatic lesions were more pronounced with higher
doses of NPS (Fig. 5E, F, G& H). Severe portal
fibrosis, bile duct hyperplasia, and marked oval cell
proliferation were encountered in this group, in
addition tothe severe grade of the previously
described hepatic lesions in the lower dose-
intoxicated group.

Concerning the hepatic lesions in the nanorods
(NRS) intoxicated group, the lower dose (Fig. 51&J)
exhibited  minimal  hepatocellular  apoptosis,
and microangiopathy was more like the NPS
intoxicated group of similar doses, but involving
individual portal triads.

The portal fibroplasia was confirmed by
histochemical characterization of portal triads stained
by Masson’s Trichrome (MTC) for characterization
of collagen deposition compared with the control one
(Fig. 6A-c).

The hepatic expressions of SIRT-1 &AMPK

The immunohistochemical analysis of hepatic
expressions for SIRT1 and AMPK revealed variation
in immunoreactivity between different intoxicated
groups compared with the control one. The control
group showed moderate cytoplasmic expression for
both SIRT1 and AMPK, while there was a reduction
and downregulation of expression for SIRT1 and
AMPK in all intoxicated groups.The downregulation
rate was dose-dependent and more pronounced in
NPS than in NRS (Fig.7).

Discussion

Aluminum oxide nanoparticles (Al,O; NPs) have
been recently used for medical purposes. The shape-
dependent toxicity of nanoparticles was previously
discussed in some research works. Since the liver is
the primary target organ for orally induced toxicity,
the present study is conducted to evaluate the shape-
dependent hepatotoxicity of Al,O; NPs after 60 days
of oral treatment of rats. There are two shapes of
Al,O3; NPs used in the present study, nanospheres
(NPs) and nanorods (NRs), with doses of 20 and 40
mg/kg b.w. The present study revealed that NPs have
relatively larger diameters (34.5 £ 5.2 nm) compared
with nanorods (214 £+ 47 nm ) via TEM
characterization, with high zeta potential for NPs
relative to NRs. The data related to hepatic oxidative
stress markers revealed that Al,O; NPs induced
exaggerated oxidative stress on the liver with higher
adverse effects in NPs than NRs and increased with
advancing dose; these findings correlated with both
biochemical elevations of hepatic enzymes and
hepatocellular reactions that included both necrotic
and inflammatory reactions in the liver parenchyma.
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These results clarified that although the NPs are
larger in diameter than NRs, which exhibit more
toxic action, these results confirmed that not only
does the size of nanoparticles determine their
toxicity, but also the shape is considered as
an additional factor and should be considered.
Prabhakar etal. [21] found that acute oral
intoxication of Wistar rats with 30 nm and 40 nm of
Al,O3 nanoparticles had the potential to induce
oxidative stress after acute oral treatment with high
doses of Al,O3 nanoparticles (30 nm and 40 nm) and
bulk Al,O3 in Wistar rats. Another study confirmed
that Al,0; NPCs induced damage in various organs
(liver, kidney, brain) of mice after exposure to
different doses for 5 days, and they correlated this
damage to increased AL accumulation in these
organs [22]. Previous research clarified the role of
Al,O; NPCs in the induction of oxidative tissue
damage and activation of proapoptotic genes in the
liver [14,23].

The current work proved the potential of
Al,O3; NPCs to induce microangiopathy of hepatic
vasculatures, the lesion characterized
histopathologically by marked thickening and
hyalinization of hepatic arterioles, and portal venules
associated with avariant degree of portal
cholangiofibrosis in adose and shape-dependent
manner. In addition to the
inflammatory, degenerative, and necrotic reactions
that were evident in intoxicated groups compared
with the control one. These findings are in
correlation with the downregulation of expression for
AMPK and SIRT-1. Previous studies clarified the
vital role of SIRT 1 in liver metabolism, as it
is considered a key metabolic sensor in the liver. the
function of SIRTL1 is initiated by the breakdown of
the nicotinamide ribosyl bond of NAD+ with
translocation of the acetyl group from the substrate’s
lysine side chain to NAD+, resulting in generating
nicotinamide,  2'-O-acetyl-ADP-ribose, and a
deacetylated substrate [24,25], this indicated that the
activity of SIRT1 can be initiated by increasing the
cellular NAD+ levels and suppressed by increased
nicotinamide levels [26]. The deficiency of SIRT1 in
hepatocytes can impair fat metabolism, resulting in
hepatic steatosis [27].

Recent research confirmed that deficiency of
SIRT 1 induced fatty liver irrespective of dietary fat
content, and its disruption induced hepatic steatosis,
initiating advanced hepatic disorders [28].

Liver damage is promoted by oxidative stress on
hepatocytes, resulting in mitochondrial dysfunction
and apoptosis [29]. The level of cellular reactive
oxygen species (ROS) and antioxidant capacity
determines the magnitude of cellular stress [30]. The
regulatory effect of SIRT1 on oxidative stress has
been reported in various studies, as SIRT1 increased
the transcriptional activity of FOXOs and PGC-1a on
antioxidant enzyme genes. Blokker et al. [31] found
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that control of SIRT1 expression is crucial in
protecting the liver from cholestasis-inducing liver
damage. It was found that the hepatic expression of
SIRT1 regulated anti-apoptotic Bcl-2/XIAP proteins
[32] . The cytoplasmic localization of SIRT1 was
considered a proapoptotic factor [33], while its
nuclear localization functioned as an anti-apoptotic
factor [34,35].

SIRT1 expression in normal liver tissue has been
reported to be faint to moderate [36]. However, its
depletion in the liver of mice has been shown to
promote hepatic steatosis, inflammation, and fibrosis
following ethanol exposure [37], highlighting its
protective role in maintaining liver homeostasis. This
protective effect is, in part, attributed to SIRTI1’s
ability to reduce reactive oxygen species (ROS)
levels in various tissues, including the liver.
Mechanistically, SIRT1 regulates oxidative stress by
deacetylating transcription factors such as FOXOs
and PGC-la, which enhances their transcriptional
activity and promotes the expression of antioxidant
enzymes [38-40]. Consistently, increased expression
of SIRT1 has been shown to upregulate antioxidant
gene expression, thereby mitigating the harmful
effects of oxidative stress on hepatic tissue [41,42].

The role of SIRT1 in inflammation was
previously confirmed; it was found that SIRT1 has
the potential to decrease hepatic inflammation via
deacetylating NF-Kb [28] and the transgenic mice
with overexpressed SIRT1 have lower levels of
inflammatory cytokines via downregulation of NF-
«B.[37,43].

Downregulation of SIRT1 has been observed in
vascular injury and microangiopathy among diabetic
patients, suggesting its involvement in the

pathogenesis of diabetic vascular complications [44].
Given the crucial role of AMPK signaling in
ameliorating lipid metabolism disorders and reducing

liver injury, recent studies have investigated the
interaction between AMPK and SIRT1. Fang et al.
[45] and Long et al. [46] demonstrated that AMPK
enhances SIRT1 activity by increasing the
intracellular AMP/ATP ratio, thereby promoting
metabolic homeostasis. Moreover, SIRT1 has been
shown to induce the cytoplasmic translocation of
LKB1, which subsequently activates AMPK,
forming a positive feedback loop that regulates fat
metabolism. In addition, AMPK agonists contribute
to the modulation of inflammation and oxidative
stress in hepatocytes, further supporting the
therapeutic relevance of this pathway [47]

Conclusion

The present study confirmed the hepatotoxic
potential of aluminum nanoparticles, highlighting the
potential for hepatotoxicity through the induction of
oxidative stress and the downregulation of AMPK
and SIRT-1, accompanied by hepatic
microangiopathy, necrosis, and inflammation
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Fig. 1. SEM images of (A) Al,O3; NPs, sphere shape and (B) Al,O; NPs, rod shape. The scale bar represents 50 nm
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Fig. 2. Effect of Al,0; nanospheres (NPs) and rods(NRs) on serum ALT (A) and ALP (B) levels in Male Wistar rats,
Data represent the mean + standard deviation (n=5). Statistical differences between groups are denoted by (*p < 0.05,

**p <0.01, ***p <0.001, and ****p < 0.0001).
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Fig. 3. Effect of Al,O; nanospheres (NPs) and rods (NRs) on TAC in liver tissue w Data represent the mean
standard deviation (n=5). Statistical differences between groups are denoted by (*p < 0.05, **p < 0.01, ***p
0.001, and ****p <0.0001).
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Fig. 4. Qualitative analysis graph for hepatic lesions as follows: 1 (minimal), 2(mild), 3(moderate), and 4 (severe).HN:
hepatocellular necrosis, MA: Microangiopathy, PF: portal fibrosis, BH: biliary hyperplasia, PIl: portal
inflammatory cells infiltration.
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Fig. 5. Photomicrograph of the liver in different Al,O; NPCs intoxicated groups (H&E):A-D liver of rat treated with
20mg of nanosphere (NPS) showing: (A)individual cell necrosis with karyopyknosis & karyorrhexis of hepatocellular
nuclei (black arrows) (Magnification X400).(B)hepatocellular micro and macrovesicular steatosis of individual
hepatocytes associated with single cell necrosis (Magnification X400).(C) thickening of portal b.v (yellow arrow) with
few portal mononuclear cell infiltration (Magnification X200).(D) microangiopathy of hepatic arteriole, note the dense
hyalinization and thickening of vascular wall (black arrow) associated with minimal biliary hyperplasia and scant portal
fibrosis (Magnification X200). E-H liver of rat treated with 40mg of nanosphere (NPS) showing: (E) multifocal
hepatocellular necrosis infiltrated by mononuclear cells (black arrow) (Magnification X200). (F)diffuse hepatocellular
steatosis (Magnification X400). (G) Severe thickening of the portal venule (yellow arrow) and hepatic arteriole of the
portal area with vacuolation of the arteriolar wall (black arrow) associated with bile duct hyperplasia and marked portal
fibrosis (asterisk) (Magnification X200). (H) Severe hyalinization and thickening of the hepatic (black arrow) and portal
vascular wall (yellow arrow) (Magnification X400). 1-J liver of rat treated with 20mg of nanorods (NRS) showing: (1)
individual hepatocellular necrosis with scarce sinusoidal lymphocytic infiltration (black arrow)(Magnification X200). (J)
moderate thickening of the capillary vascular wall (black arrow) of a small portal area with portal mononuclear cell
infiltration (Magnification X200). K-L liver of rat treated with 40 mg of nanorods (NRS) showing: (K) portal fibrosis of
medium-sized portal area associated with few mononuclear cells infiltration and thickened portal wall vasculatures
Magnification X100). (L) Marked distention of multiple small portal areas by fibrosis with thickening of the small
vascular wall (Magnification X100).

Fig. 6. Photomicrograph of the liver in control untreated (A-B) and Al,O; NPCs intoxicated groups (C); (A) control rat
liver showing the normal histological structure and size of the small portal area and normal thickness of the vascular wall
(Magnification,100X, H&E). (B) control rat liver with normal collagen density in the portal area (Magnification,100X,
MTC).(C) liver from rat intoxicated with Al,05,40 mg, NPS showing increase collagen density in thickened vascular
walls and moderate collagen deposition in portal area(Magnification,200X, MTC).
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