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blood cells that associated with a significant decrease and 
increase to the proportion of eosinophils and lymphocytes, 
respectively. In addition, the secretion of IL-6 and mono-
cyte chemotactic protein-1 increased in a dose-dependent 
manner in the treated groups. Furthermore, AlNPs showed 
the highest accumulation in the liver and kidneys compared 
with the control group, increased the lactate dehydroge-
nase level in the blood, and induced the development of a 
pathological lesion in the liver and kidneys. Taken together, 
we suggest that the target organs of rod-type AlNPs may 
be the liver, kidneys and the immune system, and the not-
observed adverse effect level may be lower than 6 mg/kg.

Keywords  Aluminum oxide nanoparticles · Toxicity · 
NOAEL · Eosinophils ·  Liver · Kidney

Introduction

Typically, the size of manufactured nanomaterials (MNs) 
is in the range of 1–100  nm. MNs show novel properties 
compared with those of their macro-sized counterparts 
because of their unique structure. Although MNs are used 
in a broad range of sectors such as in medicine, environ-
ment, and energy production, the potential adverse effects 
of nanoparticles on humans and the environment because 
of unintended or intended exposure has attracted consider-
able attention. Thus, the Organization for Economic Co-
operation and Development (OECD) launched a program 
in 2006 to assess the hazards, exposure, and risk associated 
with nanoparticles and listed 14 species of MNs belonging 
to the high-priority group in 2007 (www.oecd.org). Alu-
minum oxide nanoparticles (AlNPs) are one of them and 
have been widely used in many fields including electron-
ics, dispersion-strengthening, nanocomposites, and drug 
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delivery (www.azonano.com; Morsy et al. 2013a; Meziani 
et al. 2009). However, the preliminary data about the toxic-
ity of AlNPs are very limited.

Aluminum (Al) is the third most abundant element on 
earth and is a well-known environmental neurotoxin. Al 
overdose has been proposed to be associated with some neu-
rodegenerative diseases in humans, such as Alzheimer’s dis-
ease and Parkinsonism-dementia, for a long time, although 
the relationship between Al overdose and these diseases has 
not been clarified thus far (Miu and Benga 2006; Oyanagi 
2005; Savory et al. 2006; Wu et al. 2012). Al also affected 
the activity of antioxidant enzymes, disturbed cellular metal 
homeostasis, especially that of iron (Wu et  al. 2012; Kim 
et  al. 2007; Middaugh et  al. 2005; Ward et  al. 2001), and 
increased the production of reactive oxygen species (ROS) 
(Khanna and Nehru 2007; Kumar et  al. 2009). Similarly, 
AlNPs induced neurotoxicity via mitochondrial impairment 
and oxidative damage, resulting in neural cell loss (Dong 
et al. 2011; Chen et al. 2008; Zhang et al. 2011). In addi-
tion, Morsy et al. (2013a) reported that bioaccumulation of 
AlNPs depends on time, dose, and organ. In addition, the 
bioaccumulation of nanomaterials can be determined on the 
basis of the exposure route, because the properties of nano-
materials are altered by body fluids (Stebounova et al. 2011; 
Cho et  al. 2011, 2013). In our previous study, we orally 
administered sphere type of AlNPs with a dose of 15, 30, 
and 60 mg/kg for 4 weeks (Park et al. 2011), but suspended 
AlNPs were unstable due to too high stock concentra-
tion (10,000 μg/mL). Also, the upper limit dose volume of 
5 mL/kg is recommended in terms of animal welfare. Thus, 
we orally administered AlNPs to mice with a dose of 1.5, 3, 
and 6 mg/kg for 13 weeks (stock concentration: 1,000 μg/
mL) in this study and investigated the bioaccumulation and 
toxic response following repeated administration of AlNPs. 
Furthermore, we examined the influence of AlNPs on home-
ostasis of some trace elements in the body.

Materials and methods

AlNPs preparation and characterization

AlNPs were purchased from Sigma-Aldrich (Cat No. 
544833, Fig. 1) and was dispersed at a concentration of 1 mg/
ml in autoclaved drinking water using tip-type ultrasonifier 
(19 kHz, 30 min, Ulh700S). The size and surface charge of 
AlNPs was measured using the Zeta Potential and Particle 
Size Analyzer (ELSZ-2, Otsuka Electronics, Hirakata, Japan).

In vivo sample preparation

Six-week-old male ICR mice (27–28 g, OrientBio, Seong-
nam, Korea) were acclimatized for 1 week before the start 

of the study (IACUC No. 2012-0010) at constant tempera-
ture of 23 ± 3 °C, relative humidity of 50 ± 10 %, a 12-h 
light/dark cycle with a light of intensity 150–300 l×, and 
ventilation of 10–20 times/h. Temperature and relative 
humidity were monitored daily. After acclimation, AlNPs 
were administered orally at a dose of 1.5, 3 and 6 mg/kg 
for 13 weeks (n = 12/group, 6 times/week), and the con-
trol group was treated with autoclaved water. Beginning 
at Day 0, body weight was measured once in 14 days, and 
the consumption of drinking water and diets were meas-
ured once in 7 days. Blood (approximately 1.2 mL/mouse) 
was collected from the saphenous vein for the biochemical 
and hematological analysis as well as the cytokine assay, 
and then mice were killed. The brain, thymus, lung, heart, 
liver, kidneys, spleen, and testis were collected for meas-
urement of metal ions in each tissue and for histological 
examinations.

Hematological and biochemical analysis

Hematological analyses of whole blood were conducted 
using a blood autoanalyzer (HemaVet850, CDC Tech. Co., 
USA). And, whole blood was centrifuged at 2,400g for 
10 min to obtain serum for biochemical analysis, and serum 
was stored at −80  °C. Biochemical parameters includ-
ing total protein, albumin, glucose, aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), alkaline 
phosphatase (ALP), creatinine, BUN, γ-GTP, and lactate 

water GA 

Solution Diameter (nm) Surface charge (mV) 

Water 107.5 30.9 72.44 7.25 

GA 92.9 26.3 38.40 1.35 

(A) (B)

(C)

Fig. 1   Characterization of AlNPs used in this study. Characterization 
of AlNPs was performed in drinking water and the artificial gastric 
juice (GA). a A TEM image (www.sigmaaldrich.com) indicates that 
AlNPs used in this study is rod type. b A picture of AlNPs in drink-
ing water and the GA. c A summary of diameter and surface charge. 
AlNPs were suspended twice per week, and the measurement was 
performed twice, respectively, at the first and third day after suspen-
sion. The results represent mean ± standard deviation (SD) value
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dehydrogenase (LDH) were measured using an auto-ana-
lyzer (Hitachi 7180, Hitachi, Japan).

Metal ion measurement in tissue

Tissues were digested in a mixture of HNO3 (70 %, 7 mL) 
and H2O2 (35 %, 1 mL) solution using a microwave diges-
tion system (Milestone, Sorisole, Italy) under high tem-
perature and pressure. Element concentration in lysates 
was measured using inductively coupled plasma mass spec-
trometry at the Korean Basic Science Institute (Supple 1, 
Park et al. 2014a, b).

Histopathological analysis

The kidneys and livers of control and treated group were 
fixed in 10  % neutral buffered formalin and processed 
using routine histological techniques. After paraffin embed-
ding, 3-μm sections were cut and stained with hematoxylin 
and eosin (H&E) for histopathological examination by the 
light microscope.

Cytokine assay

The concentration of each cytokine (interleukin (IL)-1β, 
tumor necrosis factor alpha (TNF α), IL-6, transforming 
growth factor (TGF)-beta, granulocyte–macrophage col-
ony-stimulating factor (GM–CSF), and monocyte chemot-
actic protein (MCP-1) was determined using commercially 
available enzyme-linked immunosorbent assay (ELISA) 
kits (eBioscience, Park et  al. 2013). Briefly, each well in 
the 96-well plate was coated with 100 µL of capture anti-
body and incubated overnight at 4 °C. After blocking with 
assay diluents, the supernatant or standard antibody was 
added to each well, and the plates were maintained at RT 
for 2  h. After washing, biotin-conjugated detecting anti-
body was added to each well, and the plates were further 
incubated at RT for 1 h. Next, the plates were washed again 
and further incubated with avidin-horseradish peroxidase 
for 30 min. Finally, the reactions were stopped by adding 
2N H2SO4, and the absorbance at 450  nm was measured 
using an ELISA reader (Molecular Devices). The concen-
tration of each cytokine was calculated from the linear por-
tion of the standard curve which was generated in the same 
condition.

Statistical analysis

Statistical analyses were performed using Student’s t test 
(Graphpad Software, San Diego, CA, USA) and one way 
ANOVA test followed by Tukey’s post hoc pairwise com-
parison. Asterisks (*) indicated statistically significant dif-
ferences to the control group, *p < 0.05 and **p < 0.01.

Results

Characterization of AlNPs

According to the information from the manufacturing com-
pany, the raw AlNPs were of rod-type (Fig. 1a) with a size 
lower than 50  nm, and average surface area was greater 
than 40  m2/g (www.sigmaaldrich.com). AlNPs were well 
dispersed in drinking water and the artificial gastric juice 
(GA, Marques et  al. 2011, Fig.  1b). The hydrodynamic 
diameter of AlNPs was similar in between GA and drinking 
water, whereas the positive charge on surface was lower in 
the GA than drinking water (Fig. 1c, Supple 2).

Consumption of diet and drinking water

During the first week of the study, drinking water consump-
tion per cage (4 mice/cage, 3 cages/group) in the groups 
treated with 1.5, 3 and 6  mg/kg AlNPs was 97.2  ±  6.2, 
109.0  ±  4.0, and 100.9  ±  1.5  mL, respectively, whereas 
that in the control group was 129.5  ±  6.6  mL (Fig.  2a). 
Diet consumption per cage (4 mice/cage, 3 cages/group) 
in the groups treated with 1.5, 3, and 6 mg/kg AlNPs was 
124.4 ± 4.3, 133.9 ± 4.3, and 128.0 ± 4.8 g, respectively 
and that in the control group was 135.6 ± 4.2 g (Fig. 2b). 
During the last week of the study, drinking water con-
sumption per cage in the control group (0) and the groups 
treated with 1.5, 3, and 6 mg/kg AlNPs was 118.6 ± 11.1, 
90.4  ±  8.5, 99.9  ±  4.7, and 92.7  ±  3.46  mL, respec-
tively, and the corresponding diet consumption in these 
groups was 140.4 ±  8.7, 119.6 ±  7.0, 128.5 ±  12.6, and 
113.5 ± 3.4 g, respectively.

Body weight changes

At the starting point of the study, the body weights of mice 
were 31.5 ± 0.4, 29.7 ± 1.0, 30.6 ± 0.7, and 30.1 ± 0.8 g 
in the control (0) and the groups treated with 1.5, 3 and 
6 mg/kg AlNPs, respectively (Supple 3). The body weight 
measured before necropsy was also 45.3 ± 1.8, 42.0 ± 2.7, 
42.5 ± 1.6, and 41.9 ± 1.4 g in the control (0), and 1.5, 3, 
and 6 mg/kg groups, respectively. Therefore, body weight 
gain in the groups treated with 1.5, 3, and 6 mg/kg AlNPs 
was 12.3  ±  1.7, 11.9  ±  0.8, 11.8  ±  0.8  g, respectively, 
whereas that in the control group was 13.8 ± 1.2 g (Fig. 3).

Hematological and biochemical changes

Biochemical changes in the blood after administration 
of AlNPs are shown in Table 1a. The levels of AST, ALT, 
and LDH were markedly different between the groups. 
Compared with the controls, the levels of AST, ALT, and 
LDH decreased in the mice treated with 1.5 and 3 mg/kg 

http://www.sigmaaldrich.com
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AlNPs, but these levels were markedly elevated in the mice 
treated with 6 mg/kg AlNPs. In addition, the count of white 
blood cells (WBCs) and the proportion of lymphocytes in 
the WBCs significantly increased in the group treated with 
6 mg/kg AlNPs compared with the control group, whereas 
the proportion of eosinophils in the WBCs markedly 
decreased in the group treated with 6 mg/kg AlNPs com-
pared with the control group (Table 1b).

Distribution of Al and antioxidant elements in the tissues

The Al level in the tissues after repeated administration 
of AlNPs is shown in Table 2a. Comparing with the con-
trol group, the highest accumulation of Al was observed in 
the liver followed by the kidney, heart, lung, and thymus, 
whereas the Al level in the brain decreased. In addition, 
we measured the level of some trace elements in the body. 

Comparing with the control group, the level of manganese 
increased significantly in the brain (Table 2b), and the cop-
per level increased in the heart, lung, testis, and thymus 
(Table 2c). Furthermore, the zinc (Table 2d) and iron level 
(Table 2e) were enhanced significantly in the thymus and 
the liver and lung at the highest dose, respectively. Mean-
while, the levels of copper and iron in the brain of the 
treated groups significantly decreased compared with those 
in the control group (Tables 2c, 3e).

Histopathological changes

We examined histopathological changes in the liver and 
kidney of the control and treated groups (Table 3, Supple 
4). Dose-related histopathological lesions were observed 
in the liver and kidney of the mice treated with 6  mg/kg 
AlNPs.

Secretion of inflammatory cytokines

As shown in Fig. 4, the levels of IL-1β and TNF α in the 
treated groups did not change significantly compared with 
the corresponding levels in the control group, and GM–
CSF and TGFβ were not detected at a significant level in 
all samples tested. However, the levels of IL-6 and MCP-1 
increased in a dose-dependent manner. The levels of IL-6 
were 16.6 ±  1.0, 23.4 ±  0.6, and 104.6 ±  0.6  pg/mL in 
the blood of the mice treated with 1.5, 3, and 6  mg/kg 
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Fig. 2   Effect of AlNPs on consumption of drinking water and diet. 
Consumption of drinking water (a) and diet (b) per cage (4  mice/
cage, 3 cages/group, n = 3) was measured once in 7 days, beginning 
at day 0. The results represent mean ± SD value; statistical signifi-
cance was evaluated for the last week only; and asterisks indicate 
difference of the treated groups compared with the control group. 
*p < 0.05
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Fig. 3   Changes in body weight gain after repeated dose of AlNPs. 
Body weight was measured once in 14  days, beginning at day 0 
(n = 12). The results represent mean ± SD value, and asterisks indi-
cate difference of the treated groups compared with the control group 
at 13 weeks after administration. *p < 0.05
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AlNPs, respectively, whereas that in the control group 
was 9.5  ±  1.0  pg/mL. In addition, the levels of MCP-1 
were 17.9 ± 1.8, 37.4 ± 10.4, 43.9 ± 3.5, and 68.2 ± 5.6  

pg/mL in the control (0), and 1.5, 3, and 6 mg/kg groups, 
respectively.

Discussion

Repeated-dose toxicity test is one of the most essential 
tests for the development and commercialization of prod-
ucts, and the main objectives of repeated-dose toxicity 
test is to calculate the not-observed adverse effect levels 
(NOAELs) and to determine whether one or more organ 
or system is adversely affected after 1- or 3-month expo-
sure to nanoparticles. And, consumption of diet and drink-
ing water and body weight changes are among the most 
essential endpoints in repeated-dose toxicity test. In addi-
tion, since the interactions between the MNs and biological 
organisms typically occur at the surface of the nanoparti-
cle, the surface characteristics of nanomaterials are of great 
importance in determining their possible toxic effects (Jia 
et  al. 2005; Wagner et  al. 2007). In a previous study, we 
used AlNPs by Degussa (NRW, Germany, Park et al. 2011). 
These AlNPs were spherical in shape (hereafter, sphere-
type AlNPs), and their hydrodynamic diameter and surface 
charge in deionized water (DW) and gastric juice were 
similar to those of rod-type AlNPs used in this study (Sup-
ple 5). Compared with the control group, the group treated 
with sphere-type AlNPs (15, 30, and 60 mg/kg daily) orally 
for 4 weeks showed a significant decrease in body weight 
gain despite an increase in the consumption of diet and 
drinking water. However, oral administration of rod-type 
AlNPs (1.5, 3, and 6  mg/kg, 6 times/week) for 13  weeks 
caused a decrease in the consumption of drinking water and 
diet and body weight gain (Supple 6).

Braydich-Stolle et  al. (2010) reported that AlNPs 
impaired the natural ability of the cell to respond to a res-
piratory pathogen by altering the immune function. In 
our previous study, sphere-type AlNPs decreased both the 
count of WBCs and the proportion of neutrophils, mono-
cytes, and lymphocytes (Park et al. 2011). However, in this 
study, the number of WBCs and the proportion of lympho-
cytes increased in the mice treated with 6  mg/kg AlNPs 
(rod-type), whereas the proportion of eosinophils decreased 
in a dose-dependent manner. Eosinophils are “acid-loving” 
and control mechanisms associated with allergy and asthma 
(Wardlaw 1994). Considering that AlNPs are amphoteric, 
which neutralize the other and produce a salt, we hypoth-
esize that a decrease in the proportion of eosinophils fol-
lowing repeated administration of AlNPs may be because 
of the neutralizing ability of AlNPs (Hem et al. 1982).

Additionally, in this study, the LDH levels signifi-
cantly increased in the blood of mice treated with 6  mg/
kg of AlNPs. LDH is a cytoplasmic enzyme that converts 
pyruvate, the final product of glycolysis, to lactate in the 

Table 3   Histopathological changes following repeated dose of 
AlNPs

NHL no histological lesion

Liver Kidney

Control

 1 NHL NHL

 2 NHL NHL

 3 Vacuolation, diffuse, severe NHL

 4 NHL NHL

1.5 mg/kg

 1 NHL NHL

 2 NHL Tubular vacuolation, minimal

 3 NHL NHL

 4 NHL NHL

3 mg/kg

 1 NP accumulation, mild NHL

 2 NHL NHL

 3 NHL NHL

 4 Hypertrophy NHL

6 mg/kg

 1 NHL NHL

 2 NP accumulation, minimal Tubular vacuolation, mild

 3 Chronic inflammation, moderate, 
necrosis, mild

Tubular vacuolation, mild

 4 NHL NHL

TNF alpha TGF beta IL-1 IL-6 MCP-1
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Fig. 4   Changes in the cytokine secretions after repeated dose of 
AlNPs. The experiment was performed using six serum sample 
(n = 6), and standard curve was made by a serial dilution from blank 
to 500  pg/mL. The results represent mean  ±  SD value. *p  <  0.05, 
**p < 0.01
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absence of or during a short supply of oxygen; therefore, 
an increase in the LDH level indicates damage of the cell 
membrane by toxicants.

Also, AlNPs injected through the peritoneum in a sin-
gle acute doses (3.9, 6.4, and 8.5 g/kg) showed the highest 
accumulation in the spleen followed by the kidney, brain, 
intestine, and liver, whereas AlNPs injected at a sublethal 
dose (1.3 g/kg) once in 2 days for 28 days showed the high-
est accumulation in the liver followed by the spleen, intes-
tine, kidney, and brain (Morsy et  al. 2013a, b). Addition-
ally, sphere-type AlNPs (15, 30, and 60 mg/kg), which are 
administered orally for 4 weeks, accumulated in the brain, 
thymus, and lung accompanying release from liver (Park 
et  al. 2011). In this study, the AlNPs (rod-type) accumu-
lated in the liver (5.9-fold), kidney (3.1-fold), lung (2.9-
fold), and heart (2.9-fold) and were released from the brain. 
Furthermore, the tissue samples examined in the previous 
study (sphere-type) did not show any histopathological 
lesions, whereas, in this study, dose-related histopatho-
logical lesions were observed in the liver and kidney of the 
mice treated with 6 mg/kg of AlNPs (rod type). The shape 
of nanomaterials is as important as size in determining the 
toxicity of nanoparticles (Almeida et al. 2011; Perry et al. 
2011; Tarantola et al. 2011), and the excretion rate of rod-
type was markedly lower than that of sphere-type (Sun 
et  al. 2011). Therefore, we believe that an increase in the 
LDH levels (6 mg/kg) may be attributed to cell membrane 
damage following the accumulation of AlNPs (Supple 7) 
and that further studies are required to determine the rela-
tionship between the shape of AlNPs and toxicity.

Furthermore, some researchers reported that AlNPs 
induced toxicity by enhancing the intracellular ROS lev-
els (Prabhakar et  al. 2012; Dong et  al. 2011). Superox-
ide dismutases (SOD) are important antioxidant enzymes 
that guard against superoxide toxicity, and SOD enzymes 
employ either a copper, zinc or manganese as cofactor to 
carry out the disproportionation of SOD (Cullotta et  al. 
2006). Al also disturbed cellular metal homeostasis, espe-
cially that of iron (Wu et al. 2012; Kim et al. 2007; Mid-
daugh et al. 2005; Ward et al. 2001). Thus, we determined 
the levels of copper, zinc, manganese, and iron with the 
Al level in the tissues of mice. Interestingly, the levels of 
these trace elements increased in the liver as the Al level. 
Also, the copper and iron levels decreased in the brain as 
the Al level. However, the manganese level increased in a 
dose-dependent manner in the brain. In our previous study, 
the expressions of neurodegeneration-related genes, includ-
ing solute carrier family 6, tryptophan hydroxylase 2, and 
transcription factor AP-2 beta, were significantly up-reg-
ulated in the mice injected with 60  mg/kg of sphere-type 
AlNPs (Park et al. 2011). Herein, we feel the need of fur-
ther study for the relationship between ion balance in the 
brain after administration of AlNPs and the development 

of neurological disease (Ward et  al. 2001; Middaugh 
et al. 2005; Oyanagi 2005). Furthermore, the level of iron 
increased in the liver, lung, and heart as the Al level. Iron 
is an essential element in cellular energy metabolism, 
although excess iron can induce oxidative stress followed 
by cell death (Oexle et  al. 1999; Gille and Reichmann 
2011; Park et al. 2014b; Núñez et al. 2012). Therefore, we 
hypothesize that the increase in the iron level in this study 
may attribute to energy supplement for the regeneration of 
cells in damaged tissues.

Finally, cytokines and chemokines are extracellular 
proteins, which lead to migration of immune cells to the 
damaged sites. In this study, the levels of IL-6 and MCP-1 
increased in a dose-dependent manner in the mice treated 
with AlNPs. However, the level of GM–CSF did not change 
after treatment with AlNPs. IL-6 is secreted by T cells 
and macrophages in an immune response for tissue dam-
age, and MCP-1 recruits monocytes, T cells, and dendritic 
cells to the sites of inflammation produced by tissue injury 
(Zimmermann et al. 2012; Stinghen et al. 2010; Deshmane 
et al. 2009). In addition, eosinophils develop and mature in 
the bone marrow and differentiate in response to cytokines 
such as IL-3, IL-5, and GM–CSF. Furthermore, eosinope-
nia, which is a decrease in the number of eosinophil gran-
ulocytes, is often related to acute inflammation or stress 
(Wardlaw 1994).

Taken together, our results suggest that the target organs 
for accumulation of rod-type of AlNPs are the liver and 
kidney as well as the immune system, and the NOAEL of 
rod-type AlNPs may be lower than 6  mg/kg. In addition, 
further studies are required to address the potential possi-
bility of eosinopenia after exposure to AlNPs.
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