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Summary. Recently, gold nanoparticles (GNPs) have
shown promising applications in targeted drug delivery
and contrast imaging. Although in vitro cytotoxicity of
GNPs has been thoroughly studied, there are limited data
on in vivo toxicity of GNPs. In this study, we evaluated
the effects of intraperitoneally injected 10 nm and 50 nm
GNPs (5 pg/animal) on the expression of proinflamma-
tory cytokines (IL-1f3, IL-6 and TNF-a) on day 1 and
day 5, post-exposure. The results of immunohisto-
chemistry showed that both 10 nm and 50 nm GNPs
induced an acute phase expression of proinflammatory
cytokines in renal cortex and medulla. This
proinflammatory response was comparatively more
intense in renal medulla than cortex. All the three
cytokines were undetectable in control cortex and
medulla. In conclusion, both 10 nm and 50 nm GNPs
caused an acute phase induction of proinflammatory
cytokines in cortex and medulla of rat kidneys. An
intense immunostaining of proinflammatory cytokines in
renal medulla warrants further studies to evaluate the
nephrotoxicity of GNPs to validate the safe application
of GNPs for contrast imaging in renal insufficiency.
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Introduction

After the advent of nanotechnology, engineered
nanomaterials have shown their promising applications
in a wide range of areas including cosmetics, medicine,
bioremediation, paints, coatings, electronics, water
treatment and food industry (Weir et al., 2012; Eswar et
al., 2014; Kang et al., 2015; Tapia-Herndndez et al.,
2015; Zehedina et al., 2015; Nafiujjaman et al., 2015;
Nurunnabi et al., 2015; Zhang et al., 2016). Gold
nanoparticles (GNPs), though made from chemically
inert metal, exhibit altered behavior at nanoscale and
have emerged as a promising tool for the controlled
release and delivery of various chemical agents,
including anticancer drugs (Craig et al., 2012),
antibiotics (Perni and Prokopovich, 2014), antibodies
(Cabezon et al., 2015), vaccines (Chiodo and Marradi,
2015), proteins (Ryou et al., 2014), and nucleic acids
(Ekin et al., 2014). Wen et al. (2013) designed gadolium-
loaded dendrimer-entrapped GNPs for dual mode
computed tomography (CT) and magnetic resonance
imaging (MRI) of the bladder, heart, liver, and kidney of
rat or mouse within a short time frame (45 min) and their
clearance from the major organs within 24 h. Alric et al.
(2013) functionalized GNPs with dithiopolyamino-
carboxylate (DTPA) for imaging applications so that the
gold core and a DTPA shell can be established by X-ray
imaging (due to X-ray absorption of the gold core) and
by MRI as the DTPA shell was designed to immobilize
the paramagnetic gadolinium ions. Recently, water-
dispersible ultrasmall dopamine-coated GNPs showed a
much longer circulation time and a larger CT attenuation
coefficient than iohexol, suggesting their considerable
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potential for future application in CT imaging (Yu et al.,
2016).

Because of the large scale synthesis and widespread
applications of nanomaterials, there is a growing trend
towards understanding the harmful effects of
nanomaterials to ensure their safe application and
sustainable remediation. Since nanomedicine and
nanotoxicology are two sides of the same coin, the worth
of this coin depends on its prudent use (Khan and
Shanker, 2015). The promise of GNPs for several
biological applications has led to strong interest in
understanding their interaction with biological systems
(Alkilany and Murphy, 2010). Although the primary site
of GNP accumulation is liver, there is a lack of in vivo
and in vitro toxicity information to allow correlations
between the findings to be made (Johnston et al., 2010).
It is important to note that in vitro toxicity using cell
lines would not necessarily reflect the in vivo toxicity as
seen in animals because the former setup lacks in the
immune response and microenvironment, being the
features of live organs. Morais et al. (2012) studied the
biodistribution of GNPs (20 nm) with different surface
coatings and concluded that GNPs are rapidly distributed
in the body while the liver is the preferential
accumulation organ with most GNPs trapped in Kupffer
cells, hepatocytes and endosomes. Buzulukov et al.
(2014) evaluated the bioaccumulation of GNPs (35 nm)
after their intragastric administration to rats at a dose of
100 pg/kg for 2 weeks. Their results showed that GNPs
were detected in all biological samples studied (liver,
kidney, spleen, heart, gonads brain, and blood), the
highest specific weight and content of GNP being found
in kidneys of animals (Buzulukov et al., 2014).
Intraperitoneal administration of small and medium
sized GNPs produced transient increases in pro-
inflammatory cytokines expression in rat liver (Khan et
al., 2013a, 2016). Considering the important emerging
role of GNPs in contrast imaging, it would be intriguing
to examine the effect of GNPs on the major excretory
organ, kidney. This immunohistochemical study aimed
to determine the expression of proinflammatory
cytokines including IL-1f, IL-6 and TNF-a in kidney
cortex and medulla of rats exposed to 10 nm and 50 nm
GNPs.

Materials and methods
Animals and treatment groups

Adult male Wistar rats (body weight 220+10 g) were
received from the Laboratory Animal Centre, College of
Pharmacy, King Saud University, Riyadh, Saudi Arabia.
The animals were maintained in a temperature- and
humidity-controlled room with 12 h light/dark cycles
and with free access to standard laboratory food and
drinking water. The rats were divided randomly into 5
study groups of 5 animals in each group. One group
served as control and received vehicle only. Two groups
were treated with 10 nm GNPs, for 1 day or daily for 5

days. The remaining two groups received 50 nm GNPs,
for 1 day or daily for 5 days.

Dosing of gold nanoparticles

Commercially available GNPs of 10 nm diameter
(MKN-Au-010 of concentration 0.01% Au) and 50 nm
(MKN-Au-050 of concentration 0.01% Au) were
purchased from MK Impex Corp., Ontario, Canada.
Doses of 50 pl of 10 nm and 50 nm GNPs in aqueous
solution were intraperitoneally injected to animals, daily
for 1 or 5 days. This dose regimen was approximately
equivalent to 5 pg/animal of 10 nm GNP (number of
particles, 2.85x10'") or 50 nm GNP (number of
particles, 2.25x10%) and did not affect the animal
bodyweight as compared to control group.

The rats were sacrificed 24 h after the last injection
of GNPs. The specimens of kidneys were isolated and
immediately fixed in 10% neutral buffered formalin for
72 h. All experiments were conducted in accordance
with guidelines approved by our Institutional Animal
Care and Use Committee.

Immunohistochemistry

The fixed kidney specimens were processed
overnight for washing, dehydration, clearing and
impregnation using an automatic tissue processor
(Sakura, Japan). The specimens were embedded in
paraffin blocks using embedding station (Sakura, Japan)
and sections of 4 micron thickness were cut using a
rotary microtome (Leica-RM2245, Germany) and
mounted on super frosted slides for immunostaining.

The paraffin-embedded tissue sections were
deparaffinized by passing them through xylene, ethanol
(100%, 95%, 80%, sequentially) and distilled water.
Then the sections were primed for antigen retrieval by
microwave heating for 5 min in citrate buffer solution
(pH 6.0). This treatment unmasks the antigenic sites and
makes the sections ready for immunostaining protocol
using Expose Mouse and Rabbit Specific HRP/DAB
Detection IHC kit (Abcam).

For immunostaining, the sections were incubated
with 3% hydrogen peroxide for 10 min to block the
endogenous peroxidase activity followed by incubation
with 0.1% protein blocking solution for 10 minutes to
prevent nonspecific background staining. The phosphate
buffer saline (PBS, pH 7.4) washings were performed
three times after each step. The unlabeled primary
antibody with optimal dilution (IL-1f 1:500, IL-6 1:400,
TNF-a 1:100) was applied and incubated for 1 h at room
temperature followed by PBS washing and incubation
with complement for 30 min. After washing steps, the
sections were incubated with horseradish peroxidase
(HRP) conjugate for 30 min followed by washing and
incubation with the DAB substrate for 10 min. After a
final rinse with distilled water, the sections were
counterstained with Mayer’s Hematoxylin for 2 min for
light microscopic observation. For semi-quantitative
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analysis, we used low magnification (x200) images to
cover a larger observational area. The intensity of
immunostaining was graded on a 0 (no staining) to 5
(highest intensity and maximum area) scale.

Statistics

The data were analyzed by one-way analysis of
variance (ANOVA) followed by Dunnett’s multiple
comparison test using SPSS statistical package. P values
less than 0.05 were considered as statistically significant.

Results

The immunohistochemistry of renal cortex did not
show any IL-1p specific staining in control rats, whereas
administration of 10 nm and 50 nm GNPs induced IL-1[
expression on day 1 that persisted on day 5 (Fig. 1). The
immunostaining for IL-6 was absent in the renal cortex
of control animals. In GNP treated groups, although only
few animals showed IL-6 specific immunostaining in
renal cortex on day 1, their frequency and intensity
increased on day 5 (Fig. 2). TNF-o immunostaining was
absent in the renal cortex of all the animals except one
animal in 50 nm GNP group that showed light staining
on day 1 and day 5 (Fig. 3).

The renal medulla of control animals did not show
any IL-1f3 immunostaining (Fig. 4). Both 10 nm and 50
nm GNPs caused intense immunostaining of IL-1f3 in
renal cortex on day 1 that was slightly reduced on day 5
in the former group but increased in the latter group
(Fig. 4). The immunostaining for IL-6 was absent in
control renal medulla, whereas both 10 nm and 50 nm
GNPs produced intense immunostaining for IL-6 on day
1 that was reduced on day 5 (Fig. 5). The expression of
TNF-a was absent in the renal medulla of control as well
as 10 nm GNP group (except one animal which showed
mild immunostaining on day 1) although 50 nm GNPs
caused intense immunostaining for TNF-a on day 1 that
subsided on day 5 (Fig. 6).

The results of semi-quantitative analysis showed a
significant and dose dependent increase in IL-1p
immunostaining in renal cortex on day 1 post-dosing of
50 nm GNPs, that was marginally reduced on day 5
(ANOVA F=4.92, P=0.006) (Fig. 1, lower panel).
Although both 10 nm and 50 nm GNPs increased the
expression of IL-6 in cortex, it was significant only on
day 5 following exposure of 10 nm GNPs (ANOVA
F=3.56, P=0.024) (Fig. 2, lower panel). The expression
of TNF-a was not induced by GNPs in the renal cortex
of rats (ANVOA F=0.75, P=0.570) (Fig. 3, lower panel).
In the medulla of rat kidneys, both 10 nm and 50 nm
GNPs significantly increased the IL-1f3 expression on
day 1 that was reduced on day 5 in the case of smaller
GNPs but increased for larger GNPs (ANOVA F=8.37,
P=0.001) (Fig. 4, lower panel). Administration of 10 nm
GNPs caused a highly significant increase in IL-6
immunostaining on day 1 that was reduced to almost
half on day 5 (ANOVA F=31.84, P=0.001). In the case

of 50 nm GNPs, the significant increase in IL-6
expression on day 1 persisted until day 5 (Fig. 5, lower
panel). Although 10 nm GNPs had no significant impact
on TNF-a expression, 50 nm GNPs significantly
increased TNF-o immunostaining that subsided on day 5
(ANOVA F=14.20, P=0.001) (Fig. 6, lower panel).

Discussion

The results showed that administration of GNPs
produced comparatively milder immunostaining of IL-
1P and IL-6 in renal cortex (Figs. 1, 2) than medulla
(Figs. 4, 5). TNF-o immunostaining was almost
undetectable in renal cortex of GNPs treated rats with
either doses (Fig. 3) whereas 50 nm GNPs caused
significant immunostaining of TNF-a in renal medulla
(Fig. 6, Table 1). Another important finding was an
increased induction of IL-6 by smaller GNPs (10 nm)
whereas larger GNPs (50 nm) were more potent in
inducing the expressions of IL-1f and TNF-a. All the
three cytokines were undetectable in control cortex or
medulla using immunohistochemistry. Previously, real-
time PCR analysis showed that 10 nm GNPs did not
affect the IL-1f3, IL-6 and TNF-o. mRNA in renal cortex
of rats, but 50 nm GNPs induced the expression of IL-6
and TNF-a on day 1 that subsided on day 5 (Khan et al.,
2013b). A comparatively milder induction of some of the
proinflammatory cytokines expression by 10 nm GNPs
may be attributed to faster renal clearance of small sized
GNPs. Despite comparatively smaller pore size (8 nm)
of glomerular basement membrane, the urinary excretion
of 20 nm GNPs has been linked to neutral or small
charges on GNPs, which help in counteracting repulsive
forces and enabling them to pass through the filtration
barrier (Balasubramanian et al., 2010). The
accumulation of GNPs in rat liver after 24 h of the
intravenous injection was reported to be in the range
from 91.9% to 96.9% for 5 nm, 18 nm, 80 nm and 200
nm GNPs, whereas their hepato-biliary clearance
showed an inverse linear relationship to the GNP size
over the range of 5 nm to 200 nm (Hirn et al., 2011).

Particle size plays a key role in immunoreactivity
because of the differential deposition of complement
proteins that is affected by the size of NPs. Recently we
have shown that a complement system plays an
important role in uptake and clearance of nanoparticles
as well as the modulation of proinflammatory immune
response (Pondman et al., 2015). Lee et al. (2015)
studied the role of surface charge on blood kinetics,
organ distribution and elimination pattern of
intravenously injected GNPs (15 nm, 1 mg/kg) in mice.
They injected PEG-coated GNPs (neutral) as well as
carboxyl (negative charge) or amino (positive charge)
groups conjugated GNPs into mice and the concentration
of Au was measured in different organs at different time
points from 30 min to 6 months post-injection. The
preferential organ distribution was as follows: neutral
GNPs for mesenteric lymph node, kidney, brain and
testis; negatively charged GNPs for liver; positively
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charged GNPs for spleen, lung and heart (Lee et al., nanomaterials including gold nanocluster (GNC), gold
2015). Zhang et al. (2014) coated bovine serum albumin nanorod (GNR) and gold nanosphere (GNS) to increase
(BSA) on the surface of three types of gold their plasma stability while investigating their
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Fig. 1. Immunostaining of IL-1B in renal cortex of rats in different treatment groups. Images from top to bottom represent different animals in respective
groups. Lower panel bar graph shows the semi-quantitative analysis of immunostaining as the average 5 animals in each group. *P<0.05 and **P<0.01
versus control group using Dunnett’s multiple comparison test. Scale bar: 50 ym.
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biodistribution and toxicities in mice. After intravenous differences were observed in kidney accumulation of
administration of the above gold nanomaterials with an GNC and hydrolyzed GNC with their sizes at 7.1 and 3.2
equal content of gold element at 0.5 mg/kg in mice, huge nm. Moreover, GNR and GNS of relative large size
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Fig. 2. Immunostaining of IL-6 in renal cortex of rats. Images from top to bottom represent different animals in respective groups. Lower panel bar
graph shows the semi-quantitative analysis of immunostaining as the average of 5 animals in each group. *P<0.05 versus control group using Dunnett’s
multiple comparison test. Scale bar: 50 ym.
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preferred to accumulate in liver and spleen, whereas in liver persisted for as long as 28 days whereas their
GNC of relative small size tended to accumulate in liver accumulation in kidney was eliminated in a short time
and kidney (Zhang et al., 2014). The presence of GNPs (Zhang et al., 2014). Recently, Naz et al. (2016) have
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Fig. 3. Immunostaining of TNF-a in renal cortex of rats. Images from top to bottom represent different animals in respective groups. Lower panel bar
graph shows the semi-quantitative analysis of immunostaining as the average of 5 animals in each group. Scale bar: 50 ym.
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shown that ultrafine GNPs (2-10 nm) are predominantly in drug delivery systems. However, the same study
excreted in urine without any systemic toxicity observed that GNPs were detectable in urine till 30 days
following intravenous administration and are safe for use after single injection, indicating slow excretion from the
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Fig. 4. Immunostaining of IL-1B in renal medulla of rats. Images from top to bottom represent different animals in respective groups. Lower panel bar
graph shows the semi-quantitative analysis of immunostaining as the average of 5 animals in each group. *P<0.05, **P<0.01 and ***P<0.001 versus
control group using Dunnett’s multiple comparison test. Scale bar: 50 ym.
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body. cases, a declining trend of proinflammatory cytokines
Induction of cytokines is a part of natural expression on day 5 indicated that 10 nm and 50 nm
immunological defense against foreign antigens. In some GNPs do not exert sustained immunotoxicity. Based on
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Fig. 5. Immunostaining of IL-6 in renal medulla of rats. Images from top to bottom represent different animals in respective groups. Lower panel bar
graph shows the semi-quantitative analysis of immunostaining as the average of 5 animals in each group. **P<0.01 and ***P<0.001 versus control
group using Dunnett’s multiple comparison test. Scale bar: 50 ym.
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pathology, immune response, and blood biochemistry, it kidneys (Zhang et al., 2012). Histopathological
has been shown that PEG-coated GNPs of different sizes examination of 22 organs showed no evidence of organ
(4.8-46.6 nm) did not cause any damage to spleen and injury or organ dysfunction following short term (14
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Fig. 6. Immunostaining of TNF-a in renal medulla of rats. Images from top to bottom represent different animals in respective groups. Lower panel bar
graph shows the semi-quantitative analysis of immunostaining as the average of 5 animals in each group. *P<0.05 and **P<0.01 versus control group
using Dunnett’s multiple comparison test. Scale bar: 50 ym.
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days) or long-term (78 days) exposure of dendrimer-
based GNPs in mice (Kasturirangan et al., 2013).
However, if the proinflammatory cascade remains
effective for a longer duration it may lead to cellular
injury via excessive generation of reactive oxygen
species (ROS). Shrivastava et al. (2016) have observed a
significant increase in ROS and depletion of antioxidant
enzyme status in erythrocytes and tissues of mice
exposed to GNPs. Intraperitoneal injection of 10 nm and
30 nm GNP caused oxidative stress and altered the
energy metabolism in liver, heart and kidneys of rats
(Ferreira et al., 2015). The levels of inflammatory
markers, IL-6 and nitric oxide synthase were increased
in plasma following exposure to GNPs with
accompanied hepatotoxicity (Shrivastava et al., 2016).
Intraperitoneal injection of 10 nm diameter GNPs
significantly increased liver malondialdehyde without
altering glutathione levels in rat liver, on 3 and 7 days
post-dosing (Khan et al., 2012). In a histopathological
study, injection of 25 ppm GNPs for 14 days did not
cause any renal damage in cortex and medulla whereas
the higher doses (50 and 100 ppm) produced significant
and dose-dependent damage to renal cortex and renal
corpuscle (Ajdary et al., 2015). The renal injury was also
associated with significant increases in blood urea
nitrogen in the medium and high dose groups (Ajdary et
al.,2015).

In conclusion, both 10 nm and 50 nm GNPs caused
an acute phase induction of proinflammatory cytokines
in cortex and medulla of rat kidneys. This
proinflammatory response was comparatively more
intense in renal medulla than cortex. In some cases, the
intensity of proinflammatory cytokines expression
receded on day 5. Although an acute phase induction of
proinflammatory cytokines is a normal phenomenon of
natural defense a sustained proinflammatory cascade
may lead to cellular injury. An intense immunostaining
of proinflammatory cytokines in renal medulla warrants
further studies to evaluate the nephrotoxicity of GNPs in
an animal model with impaired renal function to validate
the safe application of GNPs for contrast imaging.
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