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Abstract 

Background This research aimed to evaluate the protective effects of Artemisia Absinthium L. (Abs) against liver dam‑
age induced by aluminium oxide nanoparticles  (Al2O3 NPs) in rats, including both structural and functional changes 
associated with hepatotoxicity.

Methods Thirty‑six rats were randomly divided into six groups (n = 6). The first group received no treatment. The sec‑
ond group was orally administered Abs at a dose of 200 mg/kg/b.w. The third and fifth groups were injected intraperi‑
toneally with γ‑Al2O3 NPs and α‑Al2O3 NPs, respectively, at a dose of 30 mg/kg/b.w. The fourth and sixth groups were 
pre‑treated with oral Abs at a dose of 200 mg/kg/b.w. along with intraperitoneal injection of γ‑Al2O3 NPs and α‑Al2O3 
NPs, respectively, at a dose of 30 mg/kg/b.w.

Results Treatment with γ‑Al2O3 NPs resulted in a significant decrease (P < 0.05) in total body weight gain, relative 
liver weight to body weight, and liver weight in rats. However, co‑administration of γ‑Al2O3 NPs with Abs significantly 
increased body weight gain (P < 0.05). Rats treated with  Al2O3 NPs (γ and α) exhibited elevated levels of malondialde‑
hyde (MDA), inducible nitric oxide synthase (iNOS), alanine transaminase (ALT), and aspartate aminotransferase (AST). 
Conversely, treatment significantly reduced glutathione peroxidase (GPx), catalase (CAT), total superoxide dismutase 
(T‑SOD), and total antioxidant capacity (TAC) levels compared to the control group. Furthermore, the expression 
of heme oxygenase‑1 (HO‑1) and metallothionein‑1 (MT‑1) mRNAs, cytochrome P450 (CYP P450) protein, and histo‑
pathological changes were significantly up‑regulated in rats injected with  Al2O3 NPs. Pre‑treatment with Abs signifi‑
cantly reduced MDA, AST, HO‑1, and CYP P450 levels in the liver, while increasing GPx and T‑SOD levels compared 
to rats treated with  Al2O3 NPs.

Conclusion The results indicate that Abs has potential protective effects against oxidative stress, up‑regulation 
of oxidative‑related genes and proteins, and histopathological alterations induced by  Al2O3 NPs. Notably, γ‑Al2O3 NPs 
exhibited greater hepatotoxicity than α‑Al2O3 NPs.
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Introduction
Al2O3 nanoparticles (NPs) exist in various polymorphs, 
including γ-Al2O3 NPs and α-Al2O3 NPs phases, and 
have numerous applications across different industries 
[1]. In recent years,  Al2O3 NPs have become widely 
used worldwide, particularly in medical, domestic, and 
industrial sectors such as catalysis, structural ceram-
ics, polymer modification, and textile functionalization 
[2, 3]. The γ-Al2O3 NPs are commonly used as coat-
ings, catalysts, soft abrasives, and adsorbents due to 
their smaller size, larger surface area, and lower melt-
ing point. On the other hand, the α-phase of these NPs 
possesses higher specific strength and is utilized in 
thermal insulating materials for its superior insulating 
properties [1, 4, 5].

However, the potential risks associated with the 
increasing utilization of  Al2O3 NPs have not been thor-
oughly investigated yet. Recently, experiments have 
shown that exposure to  Al2O3 NPs may have nega-
tive effects on humans [6, 7] and animals [8]. In  vivo, 
research has demonstrated that exposure to  Al2O3 NPs 
can induce hepatotoxicity in rats and lead to an inflam-
matory response, oxidative stress, and alterations in the 
antioxidant defense system [9–11]. The liver appears 
to be a target organ for identifying the adverse effects 
of in vivo exposure to  Al2O3 NPs [12]. Prabhakar et al. 
reported that acute oral of  Al2O3 NPs could induce 
changes in antioxidant status and generate oxidative 
stress [11].

Previous studies have also shown various harmful 
effects of  Al2O3 NPs, including membrane and geno-
toxic damage [13], apoptosis [14], phagocytic dysfunc-
tion in alveolar macrophages [15, 16], cytotoxic [17], 
mitochondrial dysfunction [18], as well as DNA and 
protein damage, in both human and animal models.

Researchers have attributed the toxicity of  Al2O3 NPs 
to their potential role in excessive production of reac-
tive oxygen species (ROS) [19]. Further research also 
suggests that the oxidative stress caused by ROS regu-
lates the generation of MT-1 and HO-1 [20, 21]. Oxida-
tive stress rapidly induces the production of the MT-1 
gene, which protects mammalian cells against oxida-
tive damage in HEPA cells and reduces the number of 
intracellular oxygen radicals. Hepatocytes express a set 
of highly specific CYP450 biotransforming enzymes 
that convert various xenobiotics  and endogenous sub-
stances into inactive or toxic compounds [22].

Currently, herbal medications and nutritional sup-
plements are widely used worldwide to treat liver 

conditions [23]. Plants have long been recognized as 
significant sources of exogenous antioxidants and via-
ble means to prevent oxidative damage caused by ROS 
[24, 25].

Artemisia Absinthium L. (Abs), commonly known 
as wormwood, is a perennial herbaceous and aromatic 
plant [26] with notable properties such as antimalarial 
[24], antibacterial [27], antiulcer [28], antitumor [29], 
antidepressant [30], antioxidant [31], neuroprotective 
[32], and hepatoprotective [33] effects.

Abs has been reported to possess free radical scav-
enging activity in both in vitro and in vivo experiments 
[34, 35].

Phytochemical studies have revealed that Abs con-
tains essential oil, bitter sesquiterpenoid lactones, fla-
vonoids, azulenes, phenolic acids, tannins and lignans 
[36]. Several flavonol-3-glycosides including quercetin, 
isorhamnetin, patuletin, and spinacetin derivatives, 
have been extracted from Abs leaves. In  vitro studies 
have shown that Abs extracts exhibit strong antiradi-
cal and antioxidant activity, with high contents of total 
phenolic compounds and total flavonoids [35].

Abs aqueous extracts have demonstrated hepatopro-
tective effects against carbon tetrachloride toxicity, sug-
gesting its association with antioxidant function [23]. 
Additionally, previous research has reported the hepato-
protective and nephroprotective activity of Abs against 
diclofenac-induced toxicity in rats [37]. Khoroubi et  al. 
demonstrated that Abs extract not only restore the activ-
ity of the enzymes disrupted by lead exposure but also 
effectively prevented lipid peroxidation [38].

Due to its caffeoylquinic acid content, Abs has been 
considered a potential and promising antioxidant agent 
for mitochondria-targeted medicine in the treatment 
of oxidative stress-related degenerative diseases and 
cancers. In  vitro experiments have yielded promising 
results, indicating that caffeoylquinic-acid-rich frac-
tions derived from cultivated Artemisia species herb 
extracts can modulate mitochondrial function, exhibit 
antioxidant activity, and reduce cytochrome c levels 
through various mechanisms of action [39].

Although most prior studies have focused on the 
in vitro effects of Abs, further research and in vivo stud-
ies using animal models are necessary to better under-
stand its mechanism of action. Therefore, this study aims 
to evaluate the possible effects of an aqueous extract of 
Abs on the antioxidant status and its protective ability 
against ROS, reactive nitrogen species (RNS), and gene 
expression in rats exposed to  Al2O3 NPs.
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Materials and methods
Plant collection and extraction method
First, the leaves and aerial flowers of the Abs plant were 
collected from the mountains of northern Tehran, Iran, 
in September 2021. All parts of the plant (5 cm from the 
end of the stem, approximately 50% leaves and stems, 
and 50% flowers) were dried at 25 °C in the shade before 
being pulverized through mechanical milling.

Since the poisonous chemicals in Abs (most notably 
thujone) are generally lipophilic in nature, water is the 
best solvent for reducing the toxicity of the extracts to 
the safe levels [40]. Therefore, in this study, we used an 
aqueous extract of the Abs plant.

2 litters of distilled water were added to 200 g of the 
obtained powder in an Erlenmeyer flask at room tem-
perature. The flask’s cap was secured, and the mixture 
was held there for 12 h. The flask’s content was then 
transferred in a rotary apparatus at 60°C with an average 
rotation speed of 60 min. Finally, the mixture was filtered 
using a Whatman filter paper before being lyophilized 
in a freezer dryer. The remaining plant material was col-
lected (yield 31 g) and stored at -20°C [23, 38].

Chemicals
The α-Al2O3 NPs (80 nm,  100% alpha, white, hydro-
philic, purity 99%,  SSA: > 15  m2/g, density 3.97 g/cm3 
with rhombohedral crystallographic structure) and 
γ-Al2O3 NPs (20 nm, white, 99% purity, SSA: > 138  m2/g, 
density 3890 kg/m3, almost spherical morphology) were 
purchased from US Research Nanomaterials Inc., Hou-
ston, TX USA (CAS No 1344–28-1, USA). Additionally, 
all the ultra-pure chemicals used in this research were 
purchased from Merck Company. MDA (CAS No. ZB-
MDA-A96A), GPX (CAS No. ZB-GPX-A96), T-SOD 
(CAS No. 706002), TAC (CAS No. ZB-TAC-A96) CAT 
(CAS No. 707002), iNOS (CAS No. ZB-10740C-R9648) 
were assessed using ELISA kits (Zellbio Germany) and 
cDNA kit (Thermo scientific, US, K1622). For immu-
nohistochemical assays, the following reagents were 
used: TBS 1X solution (Sigma-T5912), PBS (Sigma-
P4417), DAPI (Sigma- D9542) Normal Goat Serum 
(10%)  (G9023-Sigma), Triton 3% (Sigma-T8787), Alexa 
Fluor 488 (Elabscience, China), CYP450: GTX15616, 
Secondary  antibodies (mouse): orb688924. SYBR Green 
master mix (Addbio Co., Korea) was utilized, following 
specific standards for each marker. AST and ALT were 
assessed using related kits (Pars Azmun, Tehran, Iran).

Particle characterization
The morphology, particle size, hydrodynamic diameter 
of nanoparticles in solution, and crystal structure of both 
α-Al2O3 80 nm and γ-Al2O3 20 nm NPs were character-
ized using transmission electron microscopy (TEM), 

X-ray diffraction (XRD) patterns, and dynamic light scat-
tering (DLS).

DPPH radical‑scavenging activity
To determine the free radical scavenging activity of the 
extract, the stable radical 1,1-diphenyl-2-picryl hydrazyl 
(DPPH) was considered. The assay conditions were as fol-
lows: 2.5 mg of extract and 1 ml of DPPH solution (300 
µM); a total of 5 different concentrations with equal vol-
umes, were prepared. After a residence time of 15 min 
at room temperature in darkness, the adsorption value 
was recorded at 517 nm for intervals ranging from 10 s 
to 2 min of reaction time in a UV–Vis spectrophotom-
eter. The experiment was repeated three times. Butyl-
ated hydroxyanisole (BHA) and quercetin were used as 
standard controls. The IC50 values represent the concen-
tration of the sample required to scavenge 50% of DPPH 
free radicals [30].

Experimental animals
In accordance with the protocols for conducting sci-
entific experiments on laboratory animals, a total of 36 
adult Wistar rats weighing between 180 and 220 g were 
housed in groups of six per cage. The rats were kept in 
a controlled environment with a temperature of 22 ± 2°C, 
humidity of 55 ± 5%, and a 12-h light/dark cycle. They 
had free access to standard food and water throughout 
the experiment. Prior to commencing the study, the pro-
tocols were approved by the Animal Ethics Committee 
of Tehran University of Medical Sciences, Tehran, Iran, 
under permit number IR.TUMS.SPH.REC.1399.214.

Study design
The rats were randomly assigned to six groups as follows: 
The first group served as normal control and was orally 
given deionized water for 15 days, and intraperitoneally 
injected with deionized water for 14 days. The Second 
group was pre-treated with Abs (200 mg/kg, oral gavage) 
for 15 days. Third and Fifth groups, respectively injected 
30mg/kg of γ and α-Al2O3 NPs intraperitoneally for 
14 days. Fourth and sixth groups were treated with Abs 
plus γ-Al2O3 NPs and Abs plus α-Al2O3 NPs respectively. 
Abs was administered by oral gavage for 15 days, starting 
one  day before intraperitoneal administration of γ and 
α-Al2O3 NPs [On the second day, rats were administered 
Abs 60 min before receiving  Al2O3 NPs].

The doses for  Al2O3 NPs (γ and α) were determined 
based on the data from a pilot experiment and similar 
previous studies [41]. Both of these compounds were dis-
solved in deionised water and administered to the rats 
on a daily basis for 14 days. The rats that were treated 
with  Al2O3 NPs (γ and α) received oral gavage of dis-
tilled water as well. The dose of Abs (200 mg/kg/b.w) was 
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determined based on optimum Abs dosage from previ-
ous research with maximal efficacy [23, 38]. The rats were 
observed on a daily basis, and no animal died during the 
course of performing the experiment. Moreover, all rats 
received the treatments in the following timeline as well.

Measuring the weight of body and liver
The values of initial and final body weight, body weight 
gain (Eq.  1), and relative body weight gain (Eq.  2) were 
regularly recorded. At the end of the experiment, the val-
ues of the final liver weight of each rat after being sac-
rificed and the total liver weight/final body weight ratio 
(g/100g) (Eq. 3) were also determined.

Collecting the blood samples and liver tissues
At the end of the experiment, the rats were kept fast-
ing overnight and were deeply anesthetized with keta-
mine (60 mg/kg) and xylazine (7.5 mg/kg) [42, 43]. Blood 
samples were collected from each animal through aor-
tic punctures for the preparation of serum. Liver tissues 
were carefully removed on ice-cooled glass plates and 
rapidly weighed and isolated prior to being stored in 

(1)Body weight gain = Final body weight − Initial body weight

(2)Relative body weight gain =

Body weight gain

Final body weight

(3)
Relative weight of liver to body weight

g

100g
=

Total liver weight

Final body weight
× 100

liquid nitrogen for further biochemical analyses. In order 
to determine the Al content in the tissue and perform the 
histological analyses, an adequate part of the liver tissue 
was promptly fixed in formalin 10% for 48 h. A portion 
of the liver tissue was also used to determine the mRNA 
(HO-1 and MT-1) and protein (CYP450) expression.

Hepatic marker enzyme assay
Serum alanine aminotransferase (ALT) and plasma 
aspartate aminotransferase (AST) activities were meas-
ured  calorimetrically using the diagnostic  kits (Pars 
Azmoon company, Tehran, Iran); according to the 
method determined by Reitman and Frankel [44].

Oxidant and antioxidant enzymes assay
The liver was homogenized in phosphate-buffered saline 
(PBS) solution (≈300 mg tissue per 3 mL PBS; pH 7.4). 
The homogenates were centrifuged at 4000 rpm for 10 
min at 4 °C based on the kit protocol. The supernatant 
was divided into aliquots and then used to determine, 
MDA, iNOS, CAT, T-SOD, GPx, and TAC activities 
according to the protocols of the kits [45, 46].

Liver mRNA expression assay
To obtain the gene expression profile, total RNA was 
extracted from the liver tissue samples using Trizol rea-
gent  in accordance with the manufacturer’s protocols. 
Next, cDNA was synthesized from total RNA using a 
High-Capacity cDNA Reverse Transcription Kit (Thermo 
Scientific, USA). Finally, real-time reverse transcription-
PCR (qRT-PCR) was performed  utilizing an automated 
sequence detection method (ABI Stepone, USA). HO-1, 
MT-1 and GAPDH mRNA expression levels were deter-
mined using SYBR Green qPCR Master Mix (addbio, 
Korea). The relative mRNA expression levels were deter-
mined using the Pfaffl method [47]. The sequences of 
primers are provided in Table 1.

Liver protein expression assay
The immune-histochemical method was used for deter-
mining the expression levels of CYP450 protein enzymes 
in the liver tissue. The tissue was fixed in 10% formalin 

Table 1 RT‑PCR primers the Gen Bank accession numbers

Gene Forward (F)/Reverse (R) Primers Accession No. Gene Bank Location RT‑PCR 
product 
(bp)

HO‑1 F: TGA CCA TGA CTG CTT TCC CCC 
R: ACC CCT CAA AAG ACA GCC CTAC 

NM_012580.2 1300–1320
1476–1455

177

MT‑1 F: AGG GCT GTG TCT GGA AAG GTG 
R: AGG AAA CTG GGT GGA GGT GT

NM_138826.4 206–226
340–321

135

GAPDH F: AGG TCG GTG TGA ACG GAT TTG 
R: TGT AGA CCA TGT AGT TGA GGTCA 

NM_017008.4 83–103
205–183

123
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and underwent dehydration, blocking, and sectioning 
stages. Silane-coated slides holding the samples were 
then placed in a microwave oven and heated until boil-
ing point was reached, after which the oven was turned 
off. The samples were washed with PBS in three steps, 
followed by permeabilization of the membrane using 3% 
Triton and blocking of the secondary antibody reaction 
with 10% goat serum. Primary and secondary antibod-
ies were added according to the protocol [48], with the 
secondary antibody labeled with Alexa Fluor 488. Subse-
quently, DAPI was applied to the samples, and images of 
the desired markers were captured using a fluorescence 
microscope. The cells that exhibited a response to the 
green marker were quantified relative to the total number 
of blue-stained nuclei using Image J software. The data 
were analyzed using Prism software, and the percent-
age of CYP450 protein expression in the liver tissue was 
determined.

Al content in the liver tissue
Liver samples weighing 0.2 g were digested using a solu-
tion of 65%  HNO3 (Merck, Germany) and 2 mL of deion-
ized water The mixture was vigorously mixed and Al 
concentrations were determined using inductively cou-
pled plasma mass spectrometry (ICP-MS) as previously 
described [42, 43]. The settings and the operating con-
ditions for ICP-MS during measurements are shown in 
Table 2.

Histological assay
Liver tissue fragments were preserved in 10% formalin 
for 48 h. The fixed tissues were then embedded in par-
affin blocks before being sectioned into 5μm slices using 
a microtome. Subsequently, the sections were stained 
with hematoxylin and eosin (H&E), following previ-
ously described methods [49]. The stained sections were 
examined using light microscopy with an × 40 magni-
fication lens (LABOMED). To assess liver tissue injury 
in a semi-quantitative manner, the Mann et  al. method 
was employed. In this method, a score of 0 indicates no 
change, while scores ranging from 1 to 4 indicate increas-
ing severity of injury [50].

Statistical analysis
GraphPad Prism 9 was employed to statistically analyse 
significant differences between treated and control rats 
(GraphPad Software, San Diego, CA, USA). The normal-
ity of the data was assessed using the Shapiro–Wilk test. 
The data were also analysed using One way and Two-way 
ANOVA, followed by the Tukey’s Multiple Comparison 
test. The findings were presented as mean ± standard 

deviation (M ± SD) and a probability value of P < 0.05 was 
considered statistically significant.

Results
Morphological Characterization of  Al2O3 NPs
Transmission electron microscopy (TEM) images 
(Fig.  1A and B) revealed the morphology of  Al2O3 NPs 
(α-Al2O3 80 nm and γ-Al2O3 20 nm). The findings 
showed that the alpha phase had a rhombohedral struc-
ture morphology with an average diameter of 80 nm 
(Fig.  1B) while the gamma phase exhibited a roughly 
spherical morphology with an average diameter of 20 
nm (Fig.  1A). According to the results from DLS, the 
particle size of γ-Al2O3 NPs was found to be 20 ± 6.3 nm, 
while α-Al2O3 NPs had an average diameter of 80 ± 4.3 
nm (Fig. 1C and D). The XRD analysis (Figs. 2A and B) 
showed dominant peaks, confirming the crystalline 
nature of the  Al2O3 NPs.

DPPH radical‑scavenging activity
The DPPH assay showed that the extract’s radical-scav-
enging activity increased with higher concentrations. 
IC50 for DPPH radical-scavenging activity was 115 ± 30.6 
µg/ml. The IC50 values for Quercetin and BHA were 
1.336 ± 0.11, and 13.49 ± 1.04 µg/ml, respectively.

Assessment of body and liver weight
Mortality was not observed among the rats during the 
research period. No significant changes were observed 
except for the group supplemented with a concentration 
of Abs, while rats administered with γ-Al2O3 showed a 
significant decrease in body weight gain (P = 0.001), rela-
tive body weight gain (P = 0.003), liver weight (P = 0.001) 
and relative weight of liver to body weight (P = 0.01) when 

Table 2 ICP‑MS operating conditions

Parameters Value / type

RF generator Power 1200 W

RF frequency Resonance 
frequency: 
24 MHz

Plasma, auxiliary, and nebulizer gas Argon

Plasma gas flow rate 12.2 (L/min)

Auxiliary gas flow rate 0.8 (L/min)

Nebulizer gas flow rate 0.8 (L/min)

Sample uptake time 260 total (S)

Measurement replicate 3

Type of detector Solid state CCD

Type of spray chamber cyclonic Modified Lichte
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compared with the control group (Table 3). Rats treated 
with α-Al2O3 showed a significant decrease in both 
body weight gain (P = 0.048) and liver weight (P = 0.016) 
compared to the control rats. When compared to the 

controls, a significant decrease (P = 0.035) was observed 
in the values of body weight gain among the rats treated 
with γ-Al2O3 plus Abs. The liver weight of the rats in 
the α-Al2O3 plus Abs group was less than (P = 0.017) the 

Fig. 1 (A) TEM image of γ‑Al2O3 NPs, (B) TEM image of α‑Al2O3 NPs, (C) Particle size distribution of γ‑Al2O3 NPs by DLS, (D) Particle size distribution 
of α‑Al2O3 NPs by DLS

Fig. 2 X‑Ray Diffraction (XRD) of  Al2O3‑NPs; (A) γ‑Al2O3 NPs with a size of 20 nm, (B) α‑Al2O3 NPs with a size of 80 nm



Page 7 of 18Karami et al. BMC Complementary Medicine and Therapies          (2023) 23:310  

control group. Nonetheless, no significant differences 
between rats from the control group and other treated 
groups were observed. Table  3 presents the values of 
body weight, liver weight, and the relative weight of the 
liver to body weight in the different groups.

Assessment of liver function markers
Figure 3(A, B) shows the mean levels of ALP and ALT 
enzymes in groups that received  Al2O3 NPs (γ and α) 
and were pre-treated with Abs. The mean activity of 
AST (84.27 ± 16.54 vs. 52.06 ± 17.96,  P = 0.0019) and 
ALT (59.76 ± 5.05 vs. 32.69 ± 13.03,  P = 0.0014) was 

significantly increased in serum after administration 
of  γ-Al2O3 NPs compared to the control group. The 
α-Al2O3 NPs also contributed to significant increase 
in AST serum levels (75.73 ± 6.97 vs. 52.06 ± 17.96, 
P = 0.036) and ALT (53.38 ± 6.17 vs. 32.69 ± 13.03, 
P = 0.020) serum levels comparison to the control 
group. Moreover, pre-treatment with Abs significantly 
decreased the elevated AST activity caused by α-Al2O3 
NPs (52.85 ± 11.67, P = 0.046). No significant differ-
ences were observed in AST, and ALT levels between 
the groups that had been pre-treated with Abs and 
received γ-Al2O3 NPs.

Table 3 Body weight, liver weight and relative weight changes of the rats from control,  Al2O3 (γ and α) and Abs supplemented groups

The presented data represent the mean ± standard deviation. Mean initial, final body weight, body gain, gain relative weight, liver weight and liver relative weight: P 
value was considered significant at aP ≤ 0.001, bP ≤ 0.01, and cP ≤ 0.05 compare to control (One-way ANOVA)

Group Initial weight(g) Final weight (g) Body gain(g) Gain relative weight Liver weight(g) Liver relative weight

Control 213.5 ± 17.77 246.5 ± 21.22 33 ± 6.29 13.34 ± 1,93 12.45 ± 1.16 5.05 ± 0.29

Abs 202 ± 9.59 224.5 ± 9 22.5 ± 9.93 9.95 ± 4.23 11.02 ± 1.18 4.89 ± 0.35

γ ‑Al2O3 192 ± 15.93 202.33 ± 22.28 10.33 ± 4.36a 4.77 ± 4.95b 8.47 ± 1.53a 4.17 ± 0.47b

γ‑Al2O3 + Abs 198.67 ± 16.7 216 ± 17.45 17.33 ± 4.13c 8.02 ± 1.78 9.98 ± 1.52 4.61 ± 0.45

α‑Al2O3 196.83 ± 17.8 214.83 ± 23.2 18 ± 8.22c 8.22 ± 2.89 9.52 ± 1.7c 4.41 ± 0.51

α‑Al2O3 + Abs 186 ± 17.16 207.4 ± 17.7 21.4 ± 9.71 10.09 ± 4.31 9.83 ± 1.14c 4.71 ± 0.30

Fig. 3 Illustrates the alterations in levels of (A) ALT activity and (B) AST activity. The values are presented as mean ± S.D (n = 6 per group). Statistical 
analysis using two‑way ANOVA revealed ** P < 0.01 and * P < 0.05
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Assessment of MDA and iNOS levels
The levels of MDA and iNOS among different groups 
of rats are shown in Fig.  4 (A-B). The MDA level in 
liver tissues was significantly higher in the γ-Al2O3 NPs 
group (8.28 ± 1.93, P = 0.003) and α-Al2O3 NPs group 
(7.28 ± 1.45, P = 0.047) compared to the control group 
(4.53 ± 1.7). However, of Abs significantly improved 
the MDA level in the Abs plus α-Al2O3 NPs group 
(P = 0.046), particularly when compared to the α-Al2O3 
NPs group. There were no significant differences in MDA 
levels among the other groups (Fig. 4A).

The levels of iNOS in liver tissues were signifi-
cantly elevated in the γ-Al2O3 NPs group (40.53 ± 5.33, 
P < 0.001) and α-Al2O3 NPs group (36.71 ± 8.93, P = 0.013) 
compared to the control group (24.08 ± 9.23). However, 
treatment with Abs almost marginally decreased the level 
of iNOS among the rats from Abs plus  Al2O3 NPs com-
pared with  Al2O3 NPs rats but not significantly (Fig. 4B).

Assessment of T‑SOD, CAT, GPx and TAC activity
The levels of T-SOD, CAT, GPx, and TAC are shown in 
Fig.  5(a-d). The activity of T-SOD in the liver tissues of 
rats from the γ-Al2O3 NPs (28.06 ± 5.89, P < 0.001) and 
α-Al2O3 NPs (36.49 ± 4.16, P = 0.032) groups was sig-
nificantly decreased compared to the control group 
(57.33 ± 18.71) (Fig.  5a). CAT activity in the liver 

tissues was also found to be significantly decreased in the 
γ-Al2O3 NPs (14.23 ± 3.52, P < 0.001) and α-Al2O3 NPs 
(24.18 ± 8.86, P = 0.012) groups compared to the control 
group (44.37 ± 18.39) (Fig.  5b). Similarly, the activity of 
GPx in liver homogenates was significantly decreased in 
the γ-Al2O3 NPs group (129.5 ± 29.47, P < 0.001) and the 
α-Al2O3 NPs group (159.4 ± 35.89, P = 0.011) compared 
to the control group (244.9 ± 67.61) (Fig.  5c). Addition-
ally, the TAC activity was significantly reduced in both 
the γ-Al2O3 NPs group (0.168 ± 0.039, P = 0.001) and 
the α-Al2O3 NPs group (0.216 ± 0.066, P = 0.016) com-
pared to the control group (0.38 ± 0.16) (Fig. 5d). In con-
trast, pre-treatment with Abs significantly suppressed 
the α-Al2O3 NPs-induced reduction in the activity of 
T-SOD (54.21 ± 8.04, P = 0.043) and GPX (234.5 ± 37.71, 
P = 0.034) (Fig.  5a-c). No significant differences were 
observed in the levels of antioxidant biomarkers between 
the  Al2O3 NPs groups and the Abs plus  Al2O3 NPs 
groups.

Signalling pathway analysis
HO-1 and MT-1 were identified as the main pathways 
activated by  Al2O3 NPs and Abs during the treatment 
process (Fig.  6A–B). The analysis of PCR product sizes 
by agarose gel electrophoresis is depicted in Fig.  6c. 
Our findings demonstrated that injecting rats with 

Fig. 4 A, B. The levels of MDA (A) and iNOS (B) in the liver homogenate were compared among different groups. The data are presented 
as mean ± SD with a sample size of 6 (n = 6). Statistical analysis was conducted using a two‑way ANOVA followed by Tukey’s multiple comparison 
test. The significance levels were denoted as ***P < 0.001, **P < 0.01, and *P < 0.05
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γ-Al2O3 NPs significantly increased the expression of 
oxidative-related genes, specifically HO-1 (31.47 ± 5.63 
vs 3.40 ± 1.08, P < 0.001) and MT-1 (2.14 ± 0.198 vs 
1.170 ± 0.19, P = 0.008), compared to the control group. 
Also, Abs had no significant effects on MT gene expres-
sion in the groups exposed to  Al2O3 NPs (α and γ). Fur-
thermore, in the liver tissue of rats treated with α-Al2O3 
NPs, the mRNA expression of HO-1 and MT-1 was sig-
nificantly up-regulated compared to the control group, 
with values of 26.49 ± 3.99 vs 3.40 ± 1.08, P = 0.001 and 
2.08 ± 0.56 vs 1.170 ± 0.19, P = 0.013, respectively. How-
ever, pre-treatment with Abs notably down-regulated 

the mRNA expression of HO-1 in rats treated with Abs 
plus γ-Al2O3 NPs (15.74 ± 5.9, P = 0.0036) and Abs plus 
α-Al2O3 NPs (10.52 ± 2.66, P = 0.004) compared to rats 
solely treated with  Al2O3 NPs (α and γ).

Assessment of protein expression of CYP450 enzyme
The results of the immune-histochemical analyses showed 
a significant up-regulation (P < 0.001) of CYP450 protein 
expression in the rat liver after treatment with α-Al2O3 
NPs (47.81 ± 2.22) and γ-Al2O3 NPs (58.63 ± 1.90), com-
pared to the control group (Fig.  7A). The rats treated 
with  Al2O3 NPs exhibited strong immunostaining of 

Fig. 5 a‑d. The levels of T‑SOD (a), CAT (b), GPx (c), and TAC (d) in liver homogenates were analyzed. The data are presented as mean ± SD 
with a sample size of 6 (n = 6). Statistical analysis was conducted using a two‑way ANOVA, followed by Tukey’s post hoc test for multiple 
comparisons. Significant differences were denoted as *** P < 0.001, ** P < 0.01, and * P < 0.05
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CYP450, which was diffusely distributed in the hepato-
cytes (Fig. 7B). Moreover, pre-treatment with Abs signifi-
cantly down-regulated the protein expression of CYP450 

in the Abs plus γ-Al2O3 NPs (34.76 ± 2.09) and Abs plus 
α-Al2O3 NPs (23.60 ± 2.58) groups, compared to rats 
treated only with  Al2O3 NPs (α and γ) (P < 0.01) (Fig. 7A). 

Fig. 6 Effect of Abs on  Al2O3 NPs‑induced expression of HO‑1 (A) and MT‑1 (B) mRNAs. Size analysis of PCR products by agarose gel electrophoresis 
(C). The data are presented as mean ± SD. Statistical analysis was performed using two‑way ANOVA followed by Tukey’s post hoc test for multiple 
comparisons. The significance levels were denoted as ****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05
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Fig. 7 The protein levels of CYP450 were analyzed using immune histochemical techniques. (A) CYP450 were stained with green color, cell nucleus 
was labelled by DAPI with blue color and then merged. Images indicated the positions of CYP450/DAPI/merged. Scale bars = 100 μm. (B) Analysis 
of CYP450 expression. ***P < 0.001, ****P < 0.0001. Data are shown as mean ± SD (n = 6 per group). Data were analysed by two‑way ANOVA test
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The staining intensity was reduced in the rats pre-treated 
with Abs, as compared to the other groups (Fig. 7B). (A).

Assessment of Al content
Figure 8 illustrates that the average aluminum concentra-
tion in the liver of rats treated with γ-Al2O3 nanoparti-
cles (20  nm size) was significantly higher (22.27 ± 5.78, 
P = 0.009) compared to the control group (6.46 ± 0.48). In 
the groups that received α-Al2O3 nanoparticles (80  nm 
size), there was an increase in the concentration of these 
nanoparticles in the liver tissue, but it did not reach sta-
tistical significance. Pre-treatment with Abs mitigated 
the increase in Al concentration in the groups that were 
administered  Al2O3 NPs, although the effect was not sta-
tistically significant.

Histopathological evaluation
The examination of samples from rats in the con-
trol group using a light microscope revealed normal 
liver architecture. Each lobule had a central vein, and 
the hepatic cords were arranged in a radiating shape 

(Fig.  9A). In the Abs group, the morphology was vir-
tually identical to the control group, demonstrating a 
normal structure (Fig.  9B). However, of γ-Al2O3 NPs 
resulted in evident hepatic alterations. These included 
distorted hepatic structure, dilatation, congestion of the 
central vein and hepatic sinusoids. The diameter of some 
hepatocytes was smaller than that of neighboring cells, 
and activated Kupfer cells were observed compared to 
the control group. Accumulation of blood cells was also 
observed in the central vein and sinusoids. Additionally, 
dark nuclei of varying sizes were present (Fig.  9C). On 
the other hand, these alterations were less pronounced in 
the Abs plus γ-Al2O3 NPs group. The examined sections 
from this group showed mild morphological changes, 
limited to slight dilatation of the sinusoids and accumula-
tion of blood cells in the central vein. The radial arrange-
ment of hepatic cords and sinusoids was superior to that 
of rats receiving γ-Al2O3 NPs (Fig. 9D). Notably, 14 days 
after exposure to α-Al2O3 NPs, liver damage was evi-
dent. Inflammatory cell infiltration was observed around 
the blood vessels, and degradation of hepatocytes and 

Fig. 8 The effects of  Al2O3 NPs (α and γ) on tissue Al concentration were investigated, as well as the potential pre‑treatment effects of Abs on this 
concentration. The values are expressed as mean ± SD (n = 6). Statistical analysis was conducted using one‑way ANOVA, and the significance level 
was indicated as **P < 0.01
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nucleoli were unclear. Similarly, blood cell and inflam-
matory cell infiltration were observed around the cen-
tral vein. The hepatic cord structures were disrupted, 
although the boundaries of the hepatocyte cells could still 
be distinguished (Fig. 9E). In the Abs plus α-Al2O3 NPs 
group, the number of hepatocytes returned to normal 
levels, and there was a significant improvement in radial 
arrangement compared to the rats receiving α-Al2O3 
NPs. The histological alterations caused by α-Al2O3 NPs 
were also significantly reduced in the liver of this group. 
Abs preserved an almost normal structural pattern with 
better cord arrangement of hepatocytes. There was a 
slight increase in Kupffer cells compared to the group 
that received α-Al2O3 NPs. Some hepatocytes exhibited 
normal-sized nuclei, while others displayed shrunken 
nuclei (Fig. 9F).

The scoring of liver damage revealed that in the γ-Al2O3 
NPs group, liver tissue damage progressed to the severe 
form (score 4). In the α-Al2O3 NPs group, the severity of 
damage ranged from slight (score 2) to moderate (score 
3); however, in other groups, it did not exceed the slight 
level (Fig. 10).

Discussion
Nanoparticles made of aluminium oxide, specifically 
 Al2O3 NPs, are widely used in the production of medici-
nal and commercial products. However, the concerns 
have been raised regarding the potential risks they pose 
to human health. This study aimed to investigate the 
adverse effects of  Al2O3 NPs on various markers in the 
liver of rats, focusing on the hypothesis of shape-depend-
ent hepatotoxicity between γ-Al2O3 NPs (20 nm) and 
α-Al2O3 NPs (80 nm).

The findings of this study revealed that γ-Al2O3 NPs (20 
nm) were more hepatotoxic compared to α-Al2O3 NPs 

Fig. 9 Histopathological examination of liver sections from rats 
in different groups was conducted. Group A (control) and Group 
B (Abs) showed light micrographs of rat liver sections. The 
histology of the control group exhibited normal architectures, 
including a central vein (star), sinusoids (red arrows), Kupffer cells 
(blue arrow), and hepatocytes arranged in hepatic cords (black 
arrows). In Group C (γ‑Al2O3), the liver section displayed a central 
vein (CV) containing hemolysed red blood cells (blue arrow). The 
structure of hepatic cords and sinusoids was disrupted. Hepatocytes 
had dark nuclei (black arrow), and there was an increase in Kupffer 
cells (red arrows). Group D (Abs plus γ‑Al2O3) showed a significant 
decrease in tissue disruption. Some areas exhibited dilated 
sinusoids (arrows). Accumulation of blood cells in the central vein 
and sinusoids was observed. In Group E (α‑Al2O3), the liver section 
revealed a clearly congested thick‑walled central vein containing 
hemolysed blood cells and extensive inflammatory cell infiltration 
(black arrow). The structure of hepatic cords was disrupted. Group F 
(Abs plus α‑Al2O3) displayed a slightly increased number of Kupffer 
cells and hepatocytes (arrows) in the rat’s liver section.Scale bars: 20 
µm (40X)

Fig. 10 Scoring of hepatic damage
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(80 nm), which can be attributed to the size difference 
between these nanoparticles. The hepatotoxicity resulted 
in weight changes and biochemical, gene expression and 
functional/structural alterations in hepatic tissues of the 
rats. Interestingly, it was hypothesized that Abs, a plant 
antioxidant, could ameliorate the hepatotoxicity caused 
by  Al2O3 NPs, particularly α-Al2O3 NPs.

The showed that except for the α-Al2O3 NPs plus Abs 
and Abs groups, all other groups exhibited decreased 
body weight gain compared to the control group. This 
decrease in weight gain may be attributed to increased 
intracellular reactive oxygen species (ROS) production 
and oxidative stress, leading to anorexia or reduced food 
absorption. Previous studies have also reported weight 
loss or decreased weight gain as indicators of toxicity 
[51]. Another similar study reported that treatment of 
the rats with  Al2O3 NPs (50nm, orally, 70 mg/kg/bw) for 
75 days, contributed to significant decreased body weight 
gain [52]. Additionally, several studies have demonstrated 
the protective role of Abs against liver injury induced by 
chemicals or toxins through scavenging ROS and improv-
ing antioxidant capacity [23, 37, 53]. In this study, pre-
treatment with Abs showed a protective effect against 
acute liver injury induced by  Al2O3 NPs, potentially due 
to increased antioxidant capacity, which improves appe-
tite, digestion, food intake, and metabolism. Conse-
quently, Abs-treated rats exhibited an increase in relative 
liver weight and weight gain, indicating improved liver 
function and a return to normal conditions.

In the groups exposed to γ-Al2O3 NPs (20 nm), body 
weight gain and relative body weight gain were signifi-
cantly decreased compared to the control group, suggest-
ing that this specific form and size of  Al2O3 NPs induce 
more damage in the liver than α-Al2O3 NPs.

The results also indicated that  Al2O3 NPs caused ele-
vated levels of MDA and iNOS primarily due to oxidative 
stress. This led to increased leakage of ALT and AST into 
bloodstream, indicating liver damage. Furthermore, the 
activity of antioxidant enzymes such as GPx, SOD, CAT, 
and TAC was decreased in rats treated with  Al2O3 NPs, 
suggesting an impaired antioxidant system and ampli-
fied oxidative stress. Notably γ-Al2O3 NPs with a spheri-
cal shape and size of 20 nm, had a significant impact on 
these markers.

Consistent with these findings, previous studies have 
reported that  Al2O3 NPs induced an increase in AST, 
ALT, and MDA levels as well as a decrease in TAC, CAT, 
SOD, and GPx activities [12, 54, 55]. However, no pre-
vious research has explored the contribution of Abs 
to the changes in liver functionality and biochemical 
markers induced by  Al2O3 NPs. Pre-treatment with Abs 
increased the activities of T-SOD, GPX, CAT, and TAC 
while decreasing MDA and iNOS in rats exposed to 

 Al2O3 NPs. This suggests that Abs can mitigate the toxic 
effects of  Al2O3 NPs on these enzymes by acting as an 
antioxidant and scavenging reactive oxygen and nitrogen 
free radicals [56].

Phytochemically, Abs has been reported to possess 
essential oil, absinthin, anabsin, anabsinthin, artabsin and 
matricin; resins, lactones and organic acids [26]. Abs also 
contains flavonoids such as quercetin, rutin and other 
flavonoid glycosides (isoquercitrin, quercitin-3-O–d-
glucoside, quercitin-3-O-rhamnoglucoside, isorhamne-
tin-3-O-rhamnoglucoside, isorhamnetin-3-glucoside), as 
well as phenolic acids such as chlorogenic, syringic, cou-
maric, salicylic and vanillic acids and organic acids. Fur-
thermore, Abs may have additional components, all of 
which have the potential to inhibit free radicals [26].

The Abs hepatic protection can be related to chlo-
rogenic acid and Quercetin derivatives identified in 
its aqueous extract [57]. Additionally, sesquiterpenes 
extracted from Abs and flavonoids from Artemisia spe-
cies have demonstrated anti-inflammatory effects. Fur-
thermore, tetra monoxido hydroxyflavone extracted 
from Absinthium has been found to inhibit inflammatory 
mediators. These pharmacophores contribute to the anti-
oxidant and anti-inflammatory activities of Abs [26].

HO-1 and MT-1 genes are rapidly upregulated by pro- 
inflammatory cytokines or oxidative stress, as a protec-
tion mechanism against cellular stress in the liver [58]. 
HO-1 induction is typically a response to counteract cel-
lular stress. However, the products of HO-1 can be pro-
tective at lower doses but cytotoxic at higher doses. The 
optimal duration of HO-1 induction is challenging to 
determine as sustained expression can be harmful, while 
short-lived expression may be ineffective [59]. Horie 
et al. reported an increase in relative levels of the HO-1 
gene following the intratracheal instillation of nano-NiO 
[60]. MT-1 helps mitigate the effects of oxidative stress 
by scavenging free radicals or preventing their formation. 
In our study, we observed that  Al2O3 NPs significantly 
increased the expression of HO-1 and MT-1 mRNAs 
in the liver tissues of rats. However, pre-treatment with 
Abs effectively down-regulated this expression in a size-
dependent manner. Alghriany et  al. [54] demonstrated 
that oral administration of  Al2O3 and  Al2O3 NPs at a dose 
of 6 mg/kg/bw increased the p53 and Nrf2 levels while 
decreasing the level of Hsp70. In line with our observa-
tions, co-administration of nano curcumin with  Al2O3 
NPs improved these changes. Similarly, the genes HO-1 
and MT-1 are significantly enhanced in response to oxi-
dative stress and pro-inflammatory cytokines as a protec-
tive mechanism against cellular stress in the liver [58].

In our results, expression levels of HO-1 and MT-1 
were regulated significantly by  Al2O3 NPs. These changes 
are closely related to the up-regulation of CYP 450 
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enzymes in the liver. CYP450 enzymes are monooxyge-
nases encoded by P450 genes and are primarily found as 
membrane-bound proteins in the endoplasmic reticu-
lum of the liver. These enzymes evolved as the primary 
defense against a wide range of endogenous and exog-
enous compounds, including the bioactivation of toxi-
cants to more reactive intermediates [61]. Additionally, 
CYP 450 enzymes convert hydrophobic compounds 
into hydrophilic compounds to facilitate their excretion 
[62]. Our study indicated an up-regulation of CYP450 in 
hepatic cells exposed to γ-Al2O3 NPs and α-Al2O3 NPs. 
Notably, the expression of CYP 450 protein was higher 
in the group exposed to γ-Al2O3 NPs, as confirmed 
by immune-histochemical images showing a greater 
increase in staining intensity. Oxidative stress plays a cru-
cial role in influencing CYP450 expression in the liver [63, 
64]. Pre-treatment with Abs, known for its antioxidant 
effects, reduced the expression of CYP450 protein in the 
groups receiving  Al2O3 NPs, as supported by immune-
histochemical images. Signaling pathways involving oxi-
dative, inflammatory, and nuclear receptors also interact 
to influence the expression of CYP450 enzymes [65]. Pre-
vious research has shown that oxidative stress, particu-
larly through the activation of nuclear receptor signaling 
pathways, can regulate CYP450 expression [66].

In our opinion,  Al2O3 NPs injected in the systemic 
pathways are absorbed by the liver. Our findings sug-
gest that  Al2O3 NPs enhance the bioaccumulation of alu-
minum in the liver. The results demonstrated elevated 
levels of aluminum in the liver tissue of rats exposed to 
γ-Al2O3 NPs, potentially leading to increased toxicity at 
the cellular level. Due to the small particle size (20 nm) 
and specific phase (γ) of  Al2O3 NPs, these particles can 
easily access various parts of the body, including the liver, 
through blood circulation and accumulate there.

Pre-treatment with Abs contributed to a decrease in 
liver Al content, which may be attributed to Abs’ ability 
to scavenge ROS. Several in  vivo studies have reported 
that Al accumulation in the brain [67, 68], and hippocam-
pus [69] can result in neurodegenerative and neurologi-
cal disorders [70]. Moreover, there is a strong association 
between metal concentration in tissues and liver damage, 
as demonstrated by previous studies [71].

Histopathological examination revealed that the injec-
tion of  Al2O3 NPs induced inflammation, structural 
destruction, an increase in Kupffer’s cell, extensive infil-
tration of inflammatory cell, and disorder of hepatic cords 
and sinusoids. Moreover, liver tissue was more severe in 
rats exposed to γ-Al2O3 NPs comparison to α-Al2O3 NPs. 
Previous studies have reported that oral administration 
of  Al2O3 NPs can lead to liver inflammation, hepatocyte 
necrosis, blood sinusoids damage, and fibrosis [54]. Hadi 
and Jaffat et al. also observed morphological changes in 

the liver, testes, and kidneys following exposure to  Al2O3 
[72]. Similarly, Canli et al. mentioned that Al-NPs caused 
hepatic necrosis, and disarray, and cell − cell dissocia-
tion [73]. Our results demonstrated that oral adminis-
tration of Abs mitigated liver damage. These findings are 
consistent with Alghriany et  al. findings that Curcumin 
may alleviate pathological injury caused by  Al2O3 NPs in 
hepatic tissue [54].

The current study had several limitations, which are 
outlined below:

1. One of the main limitations of this study was the 
selection of a single dose of Abs, which had been 
determined as the most effective dosage in previous 
studies. Due to constraints, the most effective dos-
age was selected based on the reference of maximum 
protection against liver damage with a dose of 200 
mg/kg body weight [23, 37, 38]. However, it is recom-
mended to investigate alternative dosages in future 
studies as well.

2. Another limitation of this study is that it only utilized 
two specific forms and sizes of  Al2O3 NPs through 
intraperitoneal administration. Further studies with 
different forms and other routes of administration 
(such as inhalation) could be performed in the future 
and may lead to different results.

Conclusion
The finding of this research indicates that acute expo-
sure to  Al2O3 NPs induces oxidative stress and damage 
in liver tissues. The phase of  Al2O3 NPs plays a crucial 
role in their uptake and interaction with biological tis-
sues, resulting in adverse effects. Accordingly, in the pre-
sent study, the toxicity of  Al2O3 NPs was compared based 
on their phases. Our findings revealed that administra-
tion of the γ-Al2O3 NPs to the rats caused more potent 
and harmful alterations than α-Al2O3 NPs. In addition, 
pre-treatment with an aqueous extract of Abs would 
effectively protect and prevent the adverse effects and 
oxidative stress induced by  Al2O3 NPs in the liver tissues 
of the rats. Nonetheless, the specific pathway by which 
 Al2O3 NPs contribute to toxicity remains unknown, and 
additional studies are required to precisely characterize 
this mechanism. Consequently, it is recommended that a 
significant deal of focus should be placed on the possible 
beneficial health effects of plant antioxidants, not only to 
manage cellular oxidative damage but also to reduce the 
toxicity of NPs.
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