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Aluminum Oxide Nanoparticles Induce Nephrotoxicity and Acute Kidney
Injury Following Coadministration with Cisplatin or 5-Aminosalicylic Acid
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The use of nanoparticles in various industrial fields is increasing. Aluminum oxide nanoparticles (nAlO)
exhibit excellent functionality and are thus widely used for industrial purposes. However, the potential biologi-
cal hazards of nAlO have not been addressed. Therefore, we investigated the in vivo effects and drug interactions
of nAlO. Administration of nAlO to mice via the tail vein induced acute kidney injury but not liver injury. nAl1O
induced kidney injury when co-administered with cisplatin or 5-aminosalicylic acid. Thus, our results indicate
that nAlO exhibits potential nephrotoxicity either alone or through drug interactions.
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INTRODUCTION

Nanomaterials have attracted considerable attention as
functional materials due to their high potential for provid-
ing unprecedented superior performance.!? Nanoparticles
are already being used in a wide range of fields, from practi-
cal engineering applications such as information and commu-
nications technology, biotechnology, energy engineering, and
medical engineering to basic sciences such as physics, chem-
istry, biology, and medicine.># Indeed, nanomaterials are uti-
lized in products such as cosmetics as a skin-whitening agent
and UV-absorbing material.» However, studies have reported
that fullerenes and carbon nanotubes, which are non-toxic at
the macro level, become toxic when they are reduced to nano-
size due to a dramatic increase in their reactivity at the elec-
trochemical level.® For example, exposure to industrially used
carbon nanotubes via inhalation reportedly damages lung tis-
sue. Nanofullerene, a UV-absorbing material, migrates to the
brain via the blood circulation after skin application, leading
to damage to brain tissue.”® At the very least, nanofullerene
has the potential to penetrate biological barriers such as the
skin and blood-brain barrier.

Aluminum is present in a wide range of products used
in daily life because of its excellent strength and workabili-
ty.” Aluminum oxide (alumina), which can be artificially pro-
duced, is used as an industrial material due to its high strength
and heat resistance.'” Aluminum oxide is also used as a fine
ceramic material in industrial products, medical products,
and art objects.!) Nano-sized aluminum oxide particles have
a large surface area to volume ratio that results in improved

functionality of industrial products such as thin electrical insu-
lating films and purification filters. In addition, aluminum
oxide nanoparticles (nAlO) exhibit improved light transmit-
tance, and as this property leads to reduced power consump-
tion, the application of nAlO in electrical appliances is high-
ly anticipated.!':'> However, reports describing the safety of
nAIlO are lacking, even though they are likely to be present in
a wide range of products used in daily life in the future.

Nanotoxicology studies have revealed that silica nanopar-
ticles are cytotoxic, hepatotoxic, and cause placental dam-
age.'3 Another study reported that carbon nanotubes can
induce pulmonary mesothelioma.!'» However, the pharmaco-
logic effects resulting from interactions between nanoparti-
cles and drugs are generally unknown. In this study, we inves-
tigated the effects of nAlO in mice and further investigated
whether they synergistically exacerbate the toxicity of certain
pharmaceuticals, such as cisplatin, a widely used antitumor
drug,'s- 1" and 5-aminosalicylic acid (5-ASA), a common anti-
inflammatory drug. This study investigated the safety of nAlO
in mammals and the safety and interactions when co-adminis-
tered with drugs.

MATERIALS AND METHODS

Materials nAlO with a diameter of 60 nm were obtained
from Sigma-Aldrich Co. (St. Louis, MO, USA). The size dis-
tribution of the nAlO was 67.1 + 23.7 nm. The particles were
spherical and nonporous, and they were stored as a 0.8 mg/mL
aqueous suspension. Prior to use in experiments, the suspen-
sion was thoroughly dispersed using sonication, and the nan-
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oparticles were diluted with water. An equal volume of sus-
pension was injected for each treatment. CDDP, and 5-ASA
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan)
were dissolved in saline and stored at —20°C before use. The
CDDP concentration was adjusted to 80 umol/kg, and 5-ASA
to 500 mg/kg. All reagents used were of research grade.

Animals Eight-week-old BALB/c male mice were pur-
chased from Funabashi Farm Co., Ltd. (Chiba, Japan). Mice
were maintained in a controlled environment (temperature:
23 £ 1.5°C; 12-h light/dark cycle) with free access to stand-
ard rodent chow and water. The mice were given 1 week to
adapt before commencing the experiments. The experimental
protocols conformed to the ethical guidelines of the Graduate
School of Pharmaceutical Sciences, Teikyo Heisei University,
Japan.

Biochemical Analyses Serum ALT and AST levels were
measured using commercially available kits (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) according to the
manufacturer’s protocols. Briefly, collected serum (10 pL) was
combined with 1 mL of color A reagent and incubated at 37°C
for 15 min. Following the addition of 1 mL of color B rea-
gent, the sample was incubated at 37°C for 10 min. Absorb-
ance was measured at a wavelength of 570 nm. BUN lev-
els were measured using a commercially available kit (Arbor
Assays, Inc., Michigan, USA) according to the manufacturer’s
protocol. Absorbance was measured at a wavelength of 450
nm. Cre levels were measured using a commercially availa-
ble kit (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan) according to the manufacturer’s protocol. Absorbance
was measured at a wavelength of 520 nm.

Statistical Analyses Statistical analyses were performed
using Statcel 3 add-in software forms for Excel (EMS Pub-
lication Co., Ltd., Saitama, Japan). All data are presented as
the mean + standard error of the mean (SEM). Significant dif-
ferences between the control and experimental groups were
determined using the Dunnett test; a P value less than 0.05
was considered significant.

RESULTS AND DISCUSSION

Initially, the acute toxicity of nAlO was investigated
by injecting mice via the tail vein at doses of 100, 200, and
300 pg/kg. All mice that received nAlO at a dose of 300 pg/
kg died, whereas all mice that received nAlO at doses of 100
and 200 pg/kg survived. Serum levels of alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) as indica-
tors of liver damage were not increased in the 100 and 200 pg/
kg nAlO groups compared with the control group (Fig. 1A).
Levels of blood urea nitrogen (BUN) and creatinine (Cre) as
indicators of kidney injury were significantly elevated in the
200 pg/kg nAlO group compared with the control group (Fig.
1B, C), suggesting that nAlO induce acute kidney injury.

Next, we investigated the interaction between cisplatin
(CDDP) and nAlO. Administration of CDDP can lead to sig-
nificant adverse effects such as kidney and hepatic failure.'®
Co-administration of CDDP (80 umol/kg) and nAlO did not
significantly increase serum ALT or AST levels (Fig. 2A).
However, synergistic increases in the BUN level from 26.5 to
60.2 mg/dL and serum Cre level from 0.42 to 0.91 mg/dL were
observed (Fig. 2B, C).

We also investigated the interaction between 5-ASA and
nAlO. Administration of 5-ASA can lead to significant adverse
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effects such as nephritis and liver failure.'” Co-administration
of 5-ASA (500 mg/kg) and nAlO did not induce an increase
in serum ALT or AST levels (Fig. 3A). However, synergistic
increases in the BUN level from 19.4 to 43.3 mg/dL and serum
Cre level from 0.17 to 0.52 mg/dL were observed in mice
co-administered nAlO and 5-ASA (Fig. 3B, C). The interac-
tion between nAlO and 5-ASA resulted in acute kidney inju-
ry. These results demonstrate that co-administration of nAlO
with either CDDP or 5-ASA induces acute kidney injury but
not liver injury.

BUN and Cre levels could not be determined in the mice
in the group that received 300 pg/kg nAlO because all of
the animals died, but in mice that received 200 pg/kg nAlO,
BUN and Cre levels increased significantly relative to the con-
trol group (Fig. 1B, C). Based on these results, we investigat-
ed potential drug interactions with nAlO at a dose of 100 png/
kg. As shown in Fig. 1, the increases in BUN and Cre lev-
els indicated that administration of nAlO induces acute kid-
ney injury. Further detailed analysis of the acute toxici-
ty of nAlO in mice following administration via the tail vein
is thus required. A previous study reported that repeated oral
administration of nAlO is nephrotoxic, hepatotoxic, and
accumulative.?9 Our results showed that administration of
nAlO to mice via the tail vein induces acute kidney injury
but not acute liver injury. In this study, all mice survived at a
dose of 200 pg/kg of aluminum oxide nanoparticles, whereas
all died at 300 pg/kg. This sharp change in outcome suggests
that the toxicity of the nanoparticles may exhibit a threshold-
like behavior related to their biodistribution and organ accu-
mulation. The kidney is a major excretory organ for nano-
particles, and previous studies have reported renal toxicity of
nAlQ, including oxidative stress and tubular damage.20 It is
therefore likely that at 300 pg/kg, the renal excretory capacity
was exceeded, leading to a rapid progression of organ damage.
Taken together, these findings indicate that a threshold dose
for toxicity exists between 200 and 300 pg/kg.

The dose of nAlO used in this study (100-300 pg/kg) is
a high experimental dose that far exceeds the general envi-
ronmental or occupational exposure levels reported to date.
Therefore, this test does not directly reflect the actual expo-
sure situation in humans, but was set with the aim of explor-
ing safety margins and toxicity thresholds. Future work will be
required to evaluate the long-term effects at concentrations at
real-world environmental levels.

As shown in Fig. 2, the BUN and Cre levels in mice co-
administered nAlO and CDDP were significantly elevated rel-
ative to control mice, indicating that acute kidney injury was
induced. One of the more serious adverse effects of CDDP is
kidney damage, which results from the active uptake of organ-
ic cations into cells via organic cation transporters present in
the basement membrane of the proximal tubules, resulting in
cytotoxicity and proximal tubule necrosis.2) Our results sug-
gest that nA10 enhances the absorption of CDDP via organic
cation transporters, resulting in kidney injury.

As shown in Fig. 3, BUN and Cre levels in mice co-admin-
istered nAlO and 5-ASA were also significantly elevated rel-
ative to control mice, indicating that acute kidney injury was
induced. 5-ASA is metabolized to a stable acetyl form primar-
ily by N-acetyltransferase in the liver and digestive tract.??
The acetylated form of 5-ASA is then excreted via the urine,
and the unchanged form is not detected.??) As administra-
tion of nAlO alone is sufficient to induce acute kidney inju-
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Fig. 1. Dose Dependence of nAlO-Induced Liver Injury and Kidney Injury

Serum levels of the liver enzymes alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) (A), blood urea nitrogen (BUN) (B), and creatinine (Cre) (C)
were determined using commercially available kits (see ‘Biochemical analyses’ sec-
tion) 24 h after intravenous administration of aluminum oxide nanoparticles (nAlO)
at the indicated doses. Data are representative of three independent experiments and
shown as the mean + SEM (n = 4). *Significant difference compared with vehicle
group (*P < 0.05).

Fig. 2. Effect of nAlO on Cisplatin (CDDP) Changes

Mice were injected intraperitoneally with CDDP at 80 umol/kg together with nA1O
injected intravenously at a dose of 100 pg/kg. ALT (A), AST (A), BUN (B), and Cre
(C) levels were assayed as described in the Experimental section. Data are shown as
the mean + SEM (n = 4). Significant difference between vehicle and CDDP-treated
group (*P < 0.05).
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Fig. 3. Effect of nAlO on 5-Aminosalicylic Acid (5-ASA) Changes

Mice were injected with 5-ASA at 500 mg/kg together with nAlO injected intrave-
nously at a dose of 100 pg/kg. ALT (A), AST (A), BUN (B), and Cre (C) levels were
assayed as described in the Experimental section. Data are shown as the mean + SEM
(n = 4). Significant difference between vehicle and 5-ASA-treated group (*P < 0.05).

BPB Reports 185

ry, our results suggest that 5-ASA may have exacerbated the
acute kidney injury—inducing effect of nAlO. Also, 5-ASA
has been reported to induce mitochondrial dysfunction and
ROS production in renal tubular cells under certain condi-
tions, and nAlO itself may also promote ROS production and
inflammation.?#29 The combination of these may synergistical-
ly enhance oxidative and inflammatory injury in the kidney,
thereby exacerbating renal dysfunction.

The above results indicate that nAlO induces acute kidney
injury not only when administered alone but also when admin-
istered in combination with CDDP or 5-ASA. The mechanism
by which nAlO induces acute kidney injury could not be eluci-
dated in this study, however. In the future, it will thus be nec-
essary to investigate the pharmacokinetics and mechanism of
action of nAlO in vivo.
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