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Abstract. Zinc oxide nanoparticles (ZnO-NPs) can potentially cause adverse health effects because they
are highly soluble and widely used. We evaluated the effect of ZnO-NPs in rat lung. ZnO-NPs were
administered via intratracheal instillation to Sprague Dawley rats at three different dosages (1, 5, and 10
mg/kg body weight). Macrophage numbers, total cell count, and total protein concentrations in
bronchoalveolar lavage fluid (BALF) highly increased at day 1 in a dose-dependent manner relative to
those in the control. Macrophage numbers and total protein concentrations were still elevated at day 14
relative to baseline, whereas total cell number continued to increase. These results indicate that
inflammation had not fully resolved by day 14 in rat lungs. Furthermore, a significant increase in IL-6
(but not TNF-a) was observed in 5 and 10 mg/kg dose groups at day 1, which was likely caused by a
ZnO-NP-treatment-induced increase in polymorphonuclear leukocytes. Histological examination
indicated that multifocal acute inflammation occurred in the ZnO-NP-treated groups and progressed to
chronic inflammation by day 14. A partial recovery of lung injury was observed within 14 days after
exposure. In conclusion, the results of this study were consistent with those of previous sub-chronic
exposure studies.
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Introduction

Nanotechnology, as defined by the International Standards Organization (1SO), is a
technology incorporating materials which must be less than 100 nm in size in at least
one axis. As it is cutting edge technology, many industries have striven to innovate in
the nanotechnology field in order to overcome physical limitations and improve
economic efficiency (Mousavi and Rezaei, 2011, Wetzel et al., 2003). Therefore,
nanotechnology has been widely applied in medicines, electronics, and fabrics, and has
rapidly spread in consumer products, including cosmetics and personal care goods
(McKiernan et al., 2013, Sawhney et al., 2008, Kaur and Agrawal, 2007). Given this,
the safety of nanoparticle products must been properly assessed (Nohynek et al., 2010).
Metal nanoparticles such as silver, titanium, zinc, and aluminum are widely used. For
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example, zinc nanoparticles (Zn-NPs) and titanium nanoparticles (Ti-NPs) are currently
used in sunscreen cosmetics for the prevention of ultraviolet (UV) radiation-induced
dermal diseases, including carcinoma and burns (Monteiro-Riviere et al., 2011, Smijs
and Pavel, 2011, Nohynek and Dufour, 2012). However, previous studies have shown
that metal nanoparticles induced DNA damage and oxidative stress in keratinocytes
(Shukla et al., 2011), hepatoma cells (Kim et al., 2009) and lung epithelial cells
(Limbach et al., 2007).

Zinc is an essential mineral with important physiological roles in the human body,
and many diseases such as diarrhea (Hambidge, 2000), anorexia (Hambidge et al.,
1972), and pneumonia (Bhutta et al., 1999) have been associated with zinc deficiency. It
has been reported that zinc oxide nanoparticles (ZnO-NPs) are distinct from other metal
oxide NPs as they have high solubility (Zhang et al., 2012). The increased production
and use of ZnO-NPs enhances the probability of exposure, causing elevated concerns
regarding their potential for unintended adverse health effects. Due to their extremely
small size, NPs have a very high probability of cellular uptake and interactions with
biological molecules and tissues. Indeed, exposure to NPs is not only providing
advantageous opportunities, but also potential risks (Zhang et al., 2014).

Therefore, it is imperative to characterize the environmental health and safety aspects
of exposure to ZnO-NPs. However, research investigating the toxicity of ZnO-NPs is
far behind nanotechnology advances. In vivo results indicate ZnO-NP exposure via
inhalation poses the most important hazard. However, risk assessments, such as
exposure assessments and dose-response relationships of ZnO-NP exposure, are
relatively scarce. In a previous study, a single intratracheal instillation of rats with 50-70
nm ZnO-NPs and 1000 nm ZnO microparticles (1 and 5 mg/kg Body Weight (BW)
respectively) resulted in potent inflammation (Sayes et al., 2007).

Although studies on Zn nanoparticles have been conducted for several decades
(Fosmire, 1990, Xia et al., 2008, Buerki-Thurnherr et al., 2013), information about the
effects of ZnO-NPs exposure in the rat lung and its recovery have not been reported in
detail. Therefore, the objective of this study was to evaluate the recovery at 14 days
from acute lung injury induced by intratracheal instillation of ZnO-NPs in 3 different
doses (1, 5, and 10 mg/kg BW). We performed intratracheal instillations of ZnO-NPs in
Sprague-Dawley rats, and the rats were autopsied at 1 or 14 days after installation.
Inflammation responses, Zn burden, and histopathological observations were examined
in the collected rat lungs. This study was carried out to examine recovery after
intratracheal instillation of ZnO-NPs in the rat lung.

Materials and Methods
Preparation of Zn-NPs

ZnO-NPs used in this study were purchased from Sigma-Aldrich (Sigma-Aldrich, St
Louis, MO, USA). ZnO-NPs were dispersed in sterile saline and prepared via 10 min
sonication before starting the experiment. Particle size was measured by transmission
electron microscopy (TEM). To investigate the state of dispersion of ZnO-NPs when
placed into saline as vehicles, samples were analyzed by Dynamic light scattering (DLS).
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Animals and Animal Experimental Design

Pathogen-free male Sprague-Dawley (SD) rats aged 7 weeks were purchased from
Orient Bio Inc (Seongnam, Korea). Animals were acclimatized for at least 1 week prior
to starting the study. Rats were randomized into 4 groups (n = 10 individuals per group)
with a vehicle control group (treated with sterile saline). The doses for intratracheal
instillation were selected based on a previous study by Warheit et al (Warheit et al.,
2009). The treatment procedures for each group were as follows: animals were exposed
to 1 (low exposure group), 5 (middle exposure group), or 10 mg/kg body weight (high
exposure group) doses of ZnO-NPs by intratracheal instillation. The control group was
exposed to saline. Rats were sacrificed at 1 or 14 days after instillation. All animal
experiments were performed according to the Guidelines for Care and Use of the
National Institute of Environmental Research.

Acute Pulmonary Analysis

To investigate acute lung injury, bronchoalveolar lavage fluid (BALF) was obtained
by lavaging the lungs five separate times with 3 ml of calcium- and magnesium-free
phosphate buffer solution (PBS, pH 7.4) with the rat deeply anesthetized by isoflurane.
The samples were centrifuged at 1,500 rpm for 10 min. The cell-free supernatant of the
first lavage was kept separate from other samples for biochemical analysis. The
recovered cells from all lavages were resuspended in PBS. The total number of cells
(TC) in the BALF were counted with a Vi-Cell ® XR analyzer (Beckman Coulter, Brea,
CA, USA), and cell differential tests were performed using cytospin preparations
(Shandon, Pittsburgh, PA, USA) stained with Diff-Quick staining solution (Fisher
Scientific, Swedesboro, NJ, USA). BALF cells (300/rat) were differentially counted as
polymorphonuclear leukocytes (PMN) using light microscopy. The total protein (TP) in
the BALF supernatant was quantified using a BCA protein assay kit (iNtRON
Biotechnology, Seoul, Korea), and the activity of lactate acid dehydrogenase (LDH) in
the BALF was measured by using a QuantiChrom Lactate Dehydrogenase Kit
(BioAssay Systems, Hayward, CA, USA). The levels of tumor necrosis factor-alpha
(TNF-a) and interleukin-6 (IL-6) in the BALF were estimated by commercially
available enzyme linked immunosorbent assay (ELISA) kits (R&D Systems,
Minneapolis, MN, USA), which were performed based on the manufacturer’s
instructions.

Zinc Burden in Lungs

Lungs were collected under anesthesia and frozen at -20°C overnight. Then, the
samples were weighed, and the zinc burdens in the lungs were quantified with
inductively coupled plasma mass spectrometry (ICP-MS, Varian 820-MS, Australia)
after microwave-assisted digestion of the samples with HNO; using a microwave
digestion system.

Histopathological Examination

For histopathological analysis, lungs were collected and fixed in 10% neutral
buffered formalin. Then, the tissues were embedded in paraffin, sectioned (3-5 um in
thickness), and stained with hematoxilin and eosin (H&E). Stained sections were
examined by two toxicological pathologists. If there was a discrepancy in diagnosis
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between the pathologists, the final consensus would be made by discussing the
disagreements under dual microscopy (Olympus Co., Tokyo, Japan).

Statistical Analysis

Analysis of variance (ANOVA) tests and Student’s t-tests (GraphPad, San Diego,
CA, USA) were used to compare test groups with the control group.

Results and Discussion
Characterization of ZnO-NPs

The average primary sizes of ZnO-NPs were measured by TEM, demonstrating a
variety of nanoparticle shapes approximately 200 nm in size, including aggregations
(Fig. 1A). DLS analysis showed that ZnO-NPs were agglomerated, and the dispersion of
ZnO-NPs in saline was observed over a range of 100 to 500 nm in a dose-dependent
manner (Fig. 1B). In the present study, the DLS results were broader in range than the
TEM observations regarding primary particle size. This could be explained by the
results of a previous study, which showed higher surface absorbed protein
concentrations when zinc oxide was diluted in water rather than in PBS (Wells et al.,
2012). The above findings illustrate that when surface-absorbed protein concentrations
increase, ZnO-NPs preferentially form agglomerations. This likely indicates why
particle sizes measured using DLS were increased compared to TEM.
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Figure 1. Characterization of exposure conditions. (A) TEM image of Zn-NPs. Scale bar: 50 nm.
(B) DLS analysis of Zn-NPs in saline.

Body and Lung Weight

The body weights of the rats were measured from the ZnO-NP exposure day until 14
days after exposure. Body weights increased steadily after treatment in all groups, and
no statistical differences between the treatment groups and the control group were
observed (Fig. 2A). The relative lung weights of the rats were also measured to identify
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the effect of ZnO-NPs, and no significant differences were found between treatment
groups or between days after exposure (Fig. 2B).
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Figure 2. Effect of ZnO-NPs on body and relative lung weights in rats. (A) Body weight change.
(B) Relative lung weight. Data was presented as mean £ S.E.M.

ZnO-NP Exposure Effects on BALF Cytology

Cell morphology changes were observed in a dose-dependent manner when
intratracheal instillation of ZnO-NPs was performed in rats (Fig. 3A). 1 day after ZnO-
NPs instillation, BALF macrophage presence was increased in a dose-dependent
manner. This increase persisted until day 14, although the number of macrophages
present at day 14 was lower than that of day 1, suggesting that ZnO-NP effects still exist
after 2 weeks of non-exposure. Likewise, the total number of cells in BALF increased in
a dose-dependent manner after ZnO-NP instillation, and persisted even at day 14 after
treatment. Indeed, total cells at day 14 were even higher than at day 1 (Fig. 3B). PMNs
also increased at day 1 after ZnO-NP instillation in a dose-dependent manner, but no
difference was detected by day 14 (Fig. 3C). By comparing the ZnO-NP-exposed
groups with the control group results in both day 1 and day 14 rats, we can say that
recovery after 14 days did occur. In a previous report, rats were exposed to 1 or 5 mg/kg
of ZnO particles, and lung samples were collected after 1 day, 1 week, 1 month, and 3
months after intratracheal instillation (Sayes et al., 2007). We were able to confirm the
increase reported by Sayes et al. in total cell numbers at the dose of 5 mg/kg at 1 day
after instillation. In our study, an additional dosage of instillation was held for 10 mg/kg.
In this dosage treated group, the cell number remained increased even after 14 days of
recovery. Regarding the proportion of PMNs in total BALF cells, an increase was
observed at 1 day after instillation at a dose of 5 mg/kg, but a return to baseline was
observed after 14 days. However, an increase in the proportion of PMNs has been
reported to be induced by the same dosage at 1 week after instillation (Sayes et al.,
2007). Therefore, by combining the previous study and the present report, we were able
to identify that intratracheal instillation at a dose of 5 mg/kg was performed in rats, the
proportion of PMNSs recovered between 1 and 2 weeks after treatment.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 16(3):3145-3157.
http://www.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1603_31453157
© 2018, ALOKI Kft., Budapest, Hungary



Yoo et al.: Evaluation of recovery after ZnO-NPs acute exposure
- 3150 -

A
Con Low Middle High
. * S el "% RIS EoME
& . '
- o % wSe - e'e ‘3' | LA ‘ °'&i
< Y LN Lo L Q" - » £ ,‘
S s R Rl
- e - Ap » 7 i 13 <9
b . '!_0 e Bg¥ § Posrnr j”;p ﬁ i
- L N v
>, [ g & " ‘} s? .. f ® et s
= a4 e ® LN : Ao e e
= 7 . ., » 4 ry “‘;“‘. ‘ . A,
- F ® ) A - A PR . 3 %
L g " - t‘ e bt J S P
B C
[ -
Lo ] = After exposure: 1-day X 100' [J After exposure: 1-day
@ 4.04 [EE After exposure: 14-day « 904 EEE After exposure: 14-day
E E g
% 3.54 g 504
— E
» — 70+ *
7 3.04 - ]
3 ] A 604 I
= g 1
-4 » 504
=2 E 4 B
g = 404
k2 A 4
= Z 307
< %) 4
= = 204
- (¥
= 4
= B 10
04
Con Low  Middle High Con Low  Middle High

Figure 3. Bronchoalveolar lavage fluid (BALF) cell analysis after instillation of ZnO-NPs. (A)
Morphology of BALF cells. (B) Total cell counts. (C) Percent of PMNSs in total BALF cells.
Data was presented as mean £ S.E.M. * = P < 0.05 and ** = P < (.01 vs. control.

Effect of ZnO-NPs on BALF Biochemical Parameters

BALF was collected and analyzed to assess pulmonary inflammation at days 1 and 14
after exposure to ZnO-NPs. The total protein concentration in BALF increased after
treatment in a dose-dependent manner (Fig. 4A). The magnitude of increase was higher on
day 1 than day 14, although a slight increase was still present at day 14. This result indicates
that inflammation was not fully resolved by 14 days after treatment in rat lung cells.

LDH is a cytoplasmic enzyme which is present in essentially all major organ systems.
LDH levels in BALF were measured in the control and treatment groups, and no
differences were observed, except in the 10 mg/kg dose treatment group at day 1 after
instillation (Fig. 4B). Increases in extracellular LDH concentrations, which may be
caused by cell lysis or cell membrane damage, is used to detect cell damage or cell
death (Lott et al., 1986, Click, 1969). Therefore, analysis of BALF LDH concentrations
is a potentially useful tool for evaluating lung tissue damage. The increase in LDH
caused by high dose (10 mg/kg) ZnO-NP intratracheal instillation observed after day 1
indicated significant cytotoxicity. However, after 14 days, the LDH level had decreased
to that detected in the control group. In a previous report, LDH levels were also found
to be recovered at 1 week after ZnO-NP exposure at the doses of 1 and 5 mg/kg (Fukui
et al, 2015). In our study, this phenomenon was not only observed in these two dosages,
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but also at a higher dose (10 mg/kg). Therefore, the recovery of LDH levels appears to
occur between day 1 and day 14 in rat lungs.
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Figure 4. Analysis of biochemical markers in BALF. (A) Change of total protein concentration
in BALF. (B) Level of lactate dehydrogenase (LDH) in BALF. Data was presented as mean +
S.E.M. * =P <0.05 and ** = P < 0.01 vs. control.

IL-6 is a second wave cytokine, and it has been reported that serum levels of IL-6
increased in lung cancer patients in relation to the intensity of the acute phase response
(Yanagawa et al., 1995). Previous studies showed that TNF-a and IL-6 were produced
in the airway or BALF during mycoplasmal infection in pigs, and lung inflammation
was observed when the production of these cytokines was increased (Asai et al., 1993,
Thacker et al., 2000). Therefore, in this study, the levels of inflammatory cytokines,
including IL-6 and TNF-o, were determined in BALF to examine the inflammatory
response to ZnO-NP exposure (Fig. 5). IL-6 levels were increased in middle and high
dose treatment groups at day 1 (Fig. 5A). However, IL-6 levels in treated rats were the
same as control rats at day 14 after instillation. This result indicates that the rat lung was
able to recover IL-6 production during the 14 days after treatment. IL-6 enhances
endothelial cell expression of leukocyte adhesion molecules and thereby causes
leukocyte accumulation in the lung (Gabay, 2006, Barnes et al., 2011). In a previous
study reported by Cicco et al investigated the ability of PMN to secrete IL-6 (Cicco et
al., 1990). Thus, the increase of IL-6 in the middle and high-dose treated groups at day
1 may be caused by the increase of PMNSs in ZnO-NP-treated animals, as PMNs showed
the same trend as IL-6. Although IL-6 is mostly produced by macrophages, PMNs have
also been reported as predominant sources of IL-6 in lung inflammation (Zhou et al.,
1994). Therefore, we were able to confirm that the increase in PMN seems to be related
to the observed increase in inflammatory cytokine levels in the BALF.

TNF-a is a cell signaling protein involved in systemic inflammation, and is one of
the cytokines that make up the acute phase reaction (Koj, 1996). It is well known that
the dysregulation of TNF production is implicated in various diseases, such as
Alzheimer’s disease (Swardfager et al, 2010), and inflammatory bowel disease
(Brynskov et al., 1994). Therefore, we measured the concentration of TNF-a in the
BALF. No significant differences between ZnO-NP-treated and control groups were
detected at either day 1 or day 14 after exposure (Fig. 5B). A previous study examining
IL-6 and TNF-a level in BALF after sub-acute or sub-chronic ZnO-NP exposure had
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noted that lower concentrations of IL-6 and TNF-a were found in the sub-chronic study
compared to the sub-acute study (Lampinen et al., 2004). Furthermore, they also found
that IL-6 and TNF-a increased immediately after acute exposure (day 1) and
progressively decreased with time (day 14), which was similar to the result observed as
in the chronic exposure. Therefore, the IL-6 levels found at day 14 in this study showed
a similar pattern to the sub-chronic exposure.
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Figure 5. Effect on secretion of cytokine in BALF after exposure of ZnO-NPs. (A) Level of IL-6
in BALF. (B) Concentration of TNF-a in BALF. Data was presented as mean £ S.E.M. * = P <
0.05 and ** = P < 0.01 vs. control.

Zinc Burden

Zn content in the lung showed different results in relation to the treatment dosage
(Fig. 6). Rats sacrificed after day 1 showed a significant increase in all the treatment
groups (P < 0.05 for low and middle dose treated groups, P < 0.01 for the high dose
treated group). However, by day 14, a significant increase in lung zinc burden was only
observed in rats treated with a 5 mg/kg dose. These results indicate that Zn burden was
dependent on ZnO-NP exposure quantities, and that Zn burden decreases with time.
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Figure 6. The burden of zinc in the lung after intratracheal instillation of Zn-NPs. Data was
presented as mean £ S.E.M. * = P < 0.05 and ** = P < (.01 vs. control.
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Histopathological Findings

Histopathological changes were observed in the lungs of rats from the control and
treatment groups at day 1 after ZnO-NP exposure (Fig. 7). At this timepoint, multifocal
acute inflammation was observed near the terminal bronchioles and alveolar ducts in all
ZnO-NP exposed groups, however no inflammatory lesion was observed in the control
group.The inflammation was particularly severe in the high dose group. In the high dose
group, pulmonary edema was also often observed. Pervascular infiltration of
inflammatory cells was detected in the ZnO-NP exposed groups in a dose dependent
manner, showing 20%, 40%, and 60% incidence rate in the low dose, middle dose, and
high dose exposure groups respectively. Inflammatory cell infiltration near the
bronchiole was also observed when inflammatory foci were detected, suggesting that
they were related to ZnO-NP exposure.

Figure 7. Histopathology of lungs from rats treated with intratracheal ZnO-NPs at day 1 after
treatment. Presence of acute bronchopneumonia, as characterized by neutrophil infiltration
around the terminal bronchioles with type Il alveolar cell hyperplasia, is marked with circles (B,
C, and D). Dark brown foreign materials were often present in the lesion and bronchiolar
lymina (arrows in D). a, arteriole; b, terminal bronchioles; ad, alveolar ducts. A = Control; B
= Low Dose; C = Middle Dose; D = High Dose. H&E. Magnification=X200 for all.

Histopathological changes were also observed in the lungs of rats from the ZnO-NP
treatment groups at day 14 after the exposure (Fig. 8). Chronic histiocytic alveolitis, at
the terminal bronchioles and alveolar ducts, was observed at rates of 40%, 60%, and
40% in low, middle, and high dose treatment groups respectively (Fig. 8). The presence
of inflammatory cells may be explained as a chronic inflammatory mechanism, where
the acute purulent alveolitis observed at day 1 has become chronic due to the passing of
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time. In contrast with the results from day 1, we were not able to observe purulent
inflammation or pulmonary edema at the bronchiole at day 14, and this could be
considered as a recovery. In low, middle, and high dose of ZnO-NP exposure groups,
lymphocyte infiltration near the blood vessels were observed as 40%, 80%, and 80%
respectively, showing a trend to dosage, although statistically significant difference
among the groups were not observed.
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Figure 8. Histopathology of lungs from rats treated with intratracheal ZnO-NPs at day 14 after
treatment. Multifocal histiocytic pneumonitis, as characterized by massive infiltration of foamy
macrophages(arrows), in the lungs of low, middle and high dose groups are marked with circles
(B,C and D). a, arteriole; b, terminal bronchioles; ad, alveolar ducts. A = Control; B = Low
Dose; C = Middle Dose; D = High Dose. H&E. Magnification=X200 for all.

In previous studies, histopathological observations revealed serious pulmonary
inflammation and alveolar wall thickening in the lungs of treated mice (Chang et al.,
2012, Saptarshi et al., 2015). Although the experimental animal used was different,
similar results were observed in our ZnO-NP exposure experiments. In this study, we
observed histopathological differences between day 1 and day 14 after treatment, which
suggests some recovery after exposure. Acute bronchopneumonia, as characterized by
neutrophil infiltration around the terminal bronchioles with type Il alveolar cell
hyperplasia, was observed in the ZnO-NP treated groups at acute phase (marked with
circles in Fig. 7). Multifocal histiocytic pneumonitis was identified at day 14 (Fig. 8),
showing that full recovery had not yet occurred by this timepoint, and suggesting that
acute inflammation had shifted to chronic infilammation. In the lesions, infiltration of
foamy macrophages was frequently detected (arrow in Fig. 8), and macrophage size
increased dose-dependently.
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Conclusion

In the present study, we investigated pulmonary toxicity and histopathology of the
lungs of rats exposed to ZnO-NPs by intratracheal instillation. The number of
macrophages were decreased at day 14 compared to day 1, although they were still
higher than baseline levels, suggesting that the effect of ZnO-NPs still existed at 2
weeks after exposure. The total number of BALF cells increased in a dose-dependent
manner after treatment, and continued to increase to day 14 after treatment. However,
proportion of PMNs returned to baseline levels between 1 and 2 weeks after treatment
with 5 mg/kg of ZnO-NPs. LDH levels did recover between day 1 and day 14. Levels of
IL-6 increased significantly in rats given 5 or 10 mg/kg doses at day 1, while IL-6 levels
were stable by day 14. Based on these results, we can say that recovery was present at
day 14 after exposure, which was observed in previous sub-chronic exposure studies.
Furthermore, we noted that intratracheal instillation of ZnO-NPs caused multifocal
acute purulent inflammation in pulmonary parenchyma. The findings of this study
suggest that acute exposure to ZnO-NPs may have deleterious effects in cells, which
may lead to tissue damage and possible chronicization of pathological conditions. For
further research, examination held after more than 14 days may be required to
determine the long-term effects which may be caused by ZnO-NPs through ITI.
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