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Abstract

:

Inhalation studies are the gold standard for the estimation of the harmful effects of respirable chemical substances, while there is limited evidence of the harmful effects of chemical substances by intratracheal instillation. We reviewed the effectiveness of intratracheal instillation studies for estimating the hazards of nanoparticles, mainly using papers in which both inhalation and intratracheal instillation studies were performed using the same nanoparticles. Compared to inhalation studies, there is a tendency in intratracheal instillation studies that pulmonary inflammation lasted longer in the lungs. A difference in pulmonary inflammation between high and low toxicity nanoparticles was observed in the intratracheal instillation studies, as in the inhalation studies. Among the endpoints of pulmonary toxicity, the kinetics of neutrophil counts, percentage of neutrophils, and chemokines for neutrophils and macrophages, heme oxygenase-1 (HO-1) in bronchoalveolar lavage fluid (BALF), reflected pulmonary inflammation, suggesting that these markers may be considered the predictive markers of pulmonary toxicity in both types of study. When comparing pulmonary inflammation between intratracheal instillation and inhalation studies under the same initial lung burden, there is a tendency that the inflammatory response following the intratracheal instillation of nanoparticles is greater than or equal to that following the inhalation of nanoparticles. If the difference in clearance in both studies is not large, the estimations of pulmonary toxicity are close. We suggest that intratracheal instillation studies can be useful for ranking the hazard of nanoparticles through pulmonary inflammation.
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1. Introduction


In the rapid progress in nanotechnology, the development of new nanoparticle materials based on metals or carbon has advanced. However, neither the hazards nor a system to evaluate the hazards of these nanoparticles has been established, making it urgent to create a hazard evaluation system for the varieties of nanoparticles.



The gold standard study for estimating the harmful effects of respirable chemical substances is inhalaton studies, which give us extremely important information about the pulmonary toxicity of respirable chemical substances because the physiological exposure route is similar to that in humans [1]. But the high cost, facilities to house the large apparatus, and the mastery of skills of the handler are necessary, and it is virtually impossible to perform inhalation studies for all respirable chemical substances because there are so many of them.



The method in intratracheal instillation studies, on the other hand, is to expose the chemical substance directly through the trachea, and they are suitable for not only the elucidation of dose-response relations with a known quantity dosage but also for the elucidation of lung disorders induced by chemical substances. In addition, the expense is low, and large facilities are unnecessary. Therefore, the utilization of intratracheal instillation studies should be considered, although at present such studies have not provided enough evidence of the harmful effects of chemical substances, and their evaluation is restricted.



Here we review the similarities and differences in the data on the pulmonary toxicity of nanoparticles between inhalation and intratracheal instillation studies, and give suggestions on how to avoid the discrepancies in data between the two types of studies. It is thought that the reactivity of nanoparticles may be different between laboratories because there may be a difference in the physicochemical characteristics of the nanoparticles due to differences in the treatment process, even if the same raw materials are used [2,3,4]. For example, pulmonary inflammation varies according to difference in length even in the same multi-walled carbon nanotubes [4]. Therefore, we mainly reviewed references in which both inhalation and intratracheal instillation studies were performed using the same nanoparticles (Table 1), and reviewed the similarities and differences in the data on the pulmonary toxicity (Table 2). The papers in which animals were used have shown documentation of animal protection.
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Table 1. Main references in which both inhalation and intratracheal instillation studies of nanoparticles were performed.
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Nanoparticle

	
Animal

	
Experimental Design

	
Results

	
References






	
TiO2

	
F-344 rat

	

	
Inhalation

	
Exposure: 13, 33 mg/m3 for 4 days



	
Recovery: 4 h–7 days








	
Intratracheal

	
Exposure: 40–180 μg/rat



	
Recovery: 4 h–7 days











	

	
Inflammation

	
Inhalation: Transient increase



	
Intratracheal: Transient increase








	
Chemokine

	
Inhalation: No response



	
Intratracheal: Persistent increase








	
Oxidative stress

	
Inhalation: No response



	
Intratracheal: Persistent increase











	
[5]




	
TiO2: Low toxicity

	
F-344 rat

	

	
Inhalation

	
Exposure: 2 mg/m3 for 1 month



	
Recovery: 3 days–3 months








	
Intratracheal

	
Exposure: 200, 1000 μg/rat



	
Recovery: 3 days–6 months











	

	
Inflammation

	 Inhalation:

	
NiO, CeO2: Increase



TiO2: No response




	 Intratracheal:

	
NiO CeO2: Persistent increase



TiO2: Transient increase









	
Chemokines

	 Inhalation:

	
NiO, CeO2: Increase



TiO2: No response




	 Intratracheal:

	
NiO, CeO2: Persistent increase



TiO2: Transient increase









	
Oxidative stress

	 Inhalation:

	
NiO, CeO2: Increase



TiO2: No response




	 Intratracheal:

	
NiO, CeO2: Persistent increase



TiO2: Transient increase












	
[6]




	
NiO: High toxicity




	
CeO2: High toxicity

	
F-344 rat

	

	
Inhalation

	
Exposure: 2, 10 mg/m3



     for 1 month



	
Recovery: 3 days–3 months








	
Intratracheal

	
Exposure: 200, 1000 μg/rat



	
Recovery: 3 days–6 months











	
[7]




	
MWCNT

	
SD rat

	

	
Inhalation

	
Exposure: 30 mg/m3 for 6 h



	
Recovery: 1–21 days








	
Intratracheal

	
Exposure: 10, 50, 200 μg/rat



	
Recovery: 1–21 days











	

	
Inflammation

	
Inhalation: No response



	
Intratracheal: Transient increase











	
[8]




	
SWCNT

	
C57BL/6 mice

	

	
Inhalation

	
Exposure 5 mg/m3 for 4 days



	
Recovery: 1–28 days








	
Aspiration

	
Exposure: 5–20 μg/rat



	
Recovery: 1–21 days











	

	
Inflammation

	
Inhalation: Persistent increase



	
Aspiration: Transient tendency








	
Collagen

	
Inhalation: Persistent increase



	
Aspiration: Transient tendency











	
[9]
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Table 2. Similarities and differences between intratracheal instillation and inhalation studies of data at endpoint.
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Endpoint

	
Similarities between both Studies

	
Differences between both Studies






	
Total cell counts in BALF

	
Upregulation by nanoparticles

Some of nanoparticles with high toxicity did not

	
Inflammatory quantity: IT study ≥ IH study Persistency of inflammation: IT study ≥ IH study




	
Number of Neutrophils in BALF

	
Upregulation by nanoparticles




	
Percentage of neutrophils in BALF

	
Upregulation by nanoparticles




	
Proinflammaotry cytokines in BALF

	
Transient upregulation by nanoparticles

	
–




	
Chemokines in BALF

	
Upregulation by nanoparticles

	
Quantity of expression: IT study ≥ IH study Persistency of expression: IT study ≥ IH study




	
HO-1 in BALF




	
Clearance of nanoparticles

	
Excessive load induced delay of clearance

	
Biological halftime: IT study ≥ IH study








IT study: Intratracheal instillation study, IH study: Inhalation study.







Table 1 shows references in which both inhalation and intratracheal instillation studies were performed using the same nanoparticles.



Mechanism of lung disorders induced by inhaled chemicals containing nanoparticles.



In lung disorders caused by dust, phagocytosis of dust induces the infiltration of neutrophils and alveolar macrophages, and persistent or progressive inflammation is likely to cause lung injury and lead to irreversible changes, such as fibrosis and tumors. In this mechanism, alveolus macrophages englobe dust and produce chemokines and inflammatory cytokines, and inflammatory cells such as neutrophils and macrophages accumulate in the lungs through these chemokines [10]. Persistent inflammation advances the pulmonary injury with free radicals, and finally leads to fibrosis, which is based on abnormal wound repair and respiratory tumor, which is based on the genetic and epigenetic abnormality of epithelial cells [11]. Therefore the persistence of pulmonary inflammation is related to the onset and progress of lung disorders caused by respirable chemical substances. We reviewed the inflammation-related factors as predictive markers of pulmonary toxicity induced by nanoparticles.




2. Physicochemical Characteristics of Nanoparticles


It is important to measure the physicochemical characteristics of nanoparticles. Even if the same raw materials of nanoparticles are used, the pulmonary reactions, such as inflammation, vary greatly between laboratories according to their physicochemical differences. For example, it has recently been reported that the length of a nanoparticle is related to its toxicity. Mice were intraperitoneally exposed to two kinds of carbon nanotube (CNT) of different lengths (<5 and >20 μm) [2], and only the longer CNT induced granulomatous inflammation in the animals. Oberdorster et al. [3] reported that specific surface area was associated with infiltration of neutrophils in the lung. In their study, rats were intratracheally instilled with titanium dioxide (TiO2) particles with primary diameters of submicron and nano sizes, and the infiltration of neutrophils into the lung was higher for the nanoparticles than for the submicron particles at the same mass doses. The following physicochemical characteristics of raw materials are necessary to estimate the pulmonary toxicity of nanoparticles: (1) primary diameter; (2) agglomerated diameter in suspension; (3) specific surface area (value of Brunauer, Emmett, Teller (BET) (m2/g); (4) number (/g); (5) percentage of nanoparticles of more than 10 and 15 μm in length; (6) density; (7) crystalline structure; (8) components; (9) dosage (mg/rat or mg/kg); and (10) covered substance. The last three of these properties are considered in applications. Furthermore, it is important to examine the aerodynamic diameter, bulk density, geometric mean diameter and length, and average mass concentration in the exposure chamber in an inhalation study in order to calculate the initial lung burden of inhaled nanoparticles. The information about these physicochemical characteristics is essential in judging the pulmonary toxicity of nanoparticles.




3. Dosage


If the exposure level in an inhalation study is over a certain level, the pulmonary responses are influenced by not only the toxicity of the nanoparticle but also by the overload of the nanoparticle [12,13]. The overload of materials is due to a dysfunction of the alveolar macrophages, and this phenomenon is accompanied by a delay of the clearance of materials from the lung and the pulmonary response. It is difficult to distinguish whether the responses induced by surplus doses of nanoparticles are due to the original toxicity of nanoparticles or to the overload. Similar effects were also considered in intratracheal instillation studies, but there are big issues in such studies. It is difficult to speculate on the overload volume in intratracheal instillation studies because the additional pulmonary response is observed by the bolus shot of nanoparticles, unlike in inhalation studies [5,14], and in the pulmonary response we can not distinguish between the original toxicity, the bolus effect and overload. Considering the volume overload in inhalation studies, we think that the dose in intratracheal instillation studies should at least not be beyond the volume of delay of clearance. We [15] conducted an intratracheal instillation of 0.1, 0.2, 1 and 3 mg of TiO2 nanoparticles (P90) with low toxicity in rats, in which pulmonary inflammation and the delay of clearance of the TiO2 nanoparticles were observed at doses of 1 mg and 3 mg/rat compared with doses of 0.1 and 0.2 mg. When a dose of more than 1mg/rat of fullerene, another nanoparticle with low toxicity, was instilled to rats, persistent inflammation in rat lung was observed [16]. Therefore, if the pulmonary toxicity of nanoparticles is estimated under the same weight base, pulmonary responses at doses of 1 mg/rat (5 mg/kg) as a maximum dose may be useful, at least partially.
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Figure 1. Pathological features of lung tissue in rats after intratracheal instillation of nanoparticles. Magnification 100×. (A) 1mg-crystalline silica-exposed lung at one week; (B) 1mg-TiO2 nanoparticle-exposed lung at one week; (C) 1mg-crystalline silica-exposed lung at six months; (D) 1mg-TiO2 nanoparticle-exposed lung at six months. Pulmonary inflammation in TiO2-exposed lung was more severe than that in crystalline silica-exposed lung at one week following intratracheal instillation. However, pulmonary inflammation in TiO2-exposed lung disappeared at six months and the inflammation in crystalline-exposed lung severely increased. 
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4. Observation Time


Some inhalation studies have an observation period of three months in order to observe the recovery from pathological changes [11,12]. The persistence of pathological changes should be similarly observed in intratracheal instillation studies. We performed intratracheal instillations of different mineral fibers to rats and examined lung inflammation from three days to six months [11]. Harmful respirable particles like crystalline silica and crocidolite asbestos, which are kinds of asbestos, caused persistent inflammation from the initial instillation until six months later (Figure 1). Intratracheal exposure of nickel oxide (NiO) nanoparticles induced pulmonary inflammation in rats, and the peak of inflammation was at three months post exposure [10]. Creutzenberg et al. [17] performed an intratracheal instillation study of TiO2 and a positive control made of quartz, and the number of neutrophils in the positive control increased in a time dependent fashion (until 90 days post exposure). On the other hand, when less harmful micron-sized TiO2 was inhaled, only a transient inflammation was observed early in the instillation. Even nanoparticles with low toxicity induce pulmonary inflammation when the observation time is less than one month. Warheit et al. [18] examined the pulmonary inflammation following intratracheal instillation of a variety of TiO2 from 24 h to three months, and there was a TiO2 in which pulmonary inflammation lasted at maximum for one month. Kobayashi et al. [19] showed that different evaluations of pulmonary toxicity by intratracheal instillation of TiO2 nanoparticles can be derived on the basis of observations up to one week post-instillation and those after one month post-instillation. Figure 1 shows pathological features in the lung exposed to respirable chemicals in not only the acute but also the chronic phase. Chemicals with low toxicity induced transient inflammation in the lung in the acute phase (one week), and chemicals with high toxicity induced persistent inflammation in the chronic phase (six months). Considering the persistence of pulmonary inflammation induced by nanoparticles, it is important to evaluate their pulmonary toxicity with a sufficient recovery time of three to six months.




5. Distribution of Nanoparticle Deposition in the Lung


The distribution of the deposition of nanoparticles in the lung following intratracheal instillation is the lesion in which the suspension of nanoparticles is spread, namely the centriloblar spaces, which are the neighboring alveolus lesion around the peripheral respiratory tract (Figure 2A). The infiltration of inflammatory cells such as neutrophils and macrophages with the accumulation of nanoparticles was observed in this centrilobular space after intratracheal instillation [6,20].



On the other hand, there are reports in which the distribution of infiltration of inflammatory cells in the lung was mainly in centrilobular lesions just after the end of the inhalation exposure of nanoparticles [9,21,22,23] (Figure 2B). Although the main lesions in the lung following the inhalation of nanoparticles are centrilobular lesions, as in intratracheal instillations, the inflammatory lesions were observed not only deeply in the alveolar wall but also in the subpleural area [9,22].
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Figure 2. Pathological features of lung tissue. Magnification 100×. (A) Lung tissue following intratracheal instillation of NiO nanoparticles; (B) Lung tissue following inhalation of NiO nanoparticles. Distribution of infiltration of inflammatory cells in the lung were mainly centrilobular lesions in both studies. 
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As for human data, there are some reports that exposure to welding fumes including nanoparticles induced pneumoconiosis [24,25,26], although there is no report on exposure to nanoparticles only. The distribution of welding fume deposition in the lung was in a centrilobular pattern [27] (Figure 3). Therefore the distribution of nanoparticle deposition in intratracheal instillation studies may not be very different from that in inhalation studies and human exposure. However, unless the process of dispersion of nanoparticles is performed, agglomerates of nanoparticles might be deposited in the large bronchiole and not come into the lung. It is necessary that the dispersion of nanoparticles be confirmed.
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Figure 3. Pictures of chest in patients with welder’s lung using chest computed tomography. Nodular opacities (diffuse white opacities in the lung) were mainly observed in centrilobular lesions in the lung. 
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6. Predictive Markers of Pulmonary Toxicity


Table 2 shows the similarities and differences of inflammation as the endpoint of pulmonary toxicity between intratracheal instillation and inhalation studies. The similarities in both studies are that both inhalation and intratracheal instillation exposures induce pulmonary inflammation and related factors such as cell analysis, chemokine, proinflammatory cytokine and oxidative stress in BALF. The difference is that there is a tendency that the durability and quantity of the inflammatory response following the intratracheal instillation of nanoparticles are greater than or equal to those following the inhalation of nanoparticles, although not all papers show the same results. Detailed contents are shown in the following section.




7. Cell Analysis of Bronchoalveolar Lavage Fluid (BALF)


Cell analysis of BALF has been used in most papers to examine the toxicity of inhaled particles, with neutrophil cell counts and percentage of neutrophils in the BALF often being used as markers that reflect the pulmonary toxicity in both intratracheal instillation and inhalation studies (Table 2). Particles with high toxicity induced persistent neutrophil cell counts and percentage of neutrophils in the BALF following intratracheal instillation. A persistent influx of neutrophils in the lung was observed following intratracheal instillation of silica and asbestos [17,28]. Jeong et al. [29] found that intratracheal instillation of NiO nanoparticles induced a persistent influx of neutrophils in an animal model. We performed an intratracheal instillation study of three nanoparticles with different toxicity [6,7], NiO, TiO2 and cerium dioxide (CeO2) nanoparticles, in which NiO and CeO2, nanoparticles with high toxicity, induced persistent total cell and neutrophil counts and percentage of neutrophils in the BALF, and TiO2, a nanoparticle with low toxicity, induced only transient ones. A similar tendency was observed in our experiments with fullerene and other NiO nanoparticles. In an intratracheal instillation study, NiO at a dose of 0.2 mg/rat caused high and persistent total cell and neutrophil counts in BALF, while fullerene, a nanoparticle with low toxicity, did so transiently [16]. These neutrophil influxes in BALF corresponded to pulmonary infiltration as pathological features.



Because there are inflammatory cell types in the phenotype of macrophages, many reports showed that exposure to chemicals increased the number of macrophages in BALF, although some particles decreased the number of macrophages in a particle-induced animal model. Tan et al. [30] reported that intratracheal instillation of asbestos reduced the number of macrophages in BALF, and that the population of macrophages in total cells became less than 10%. Haegens et al. [31] reported that inhalation of asbestos decreased the number of macrophages in mice and did not change the total cell counts in BALF due to the increased number of neutrophils. Crystalline silica also decreased the number of alveolar macrophages through apoptosis [32,33]. The decrease in macrophages may have been cell death due to the toxicity of the particles. As the influx of neutrophils in the lung was observed regardless of the number of macrophages, neutrophil cell counts and percentage of neutrophils in BALF may be pulmonary toxicity predictive markers which reflect the lung inflammation.



As for quantitative pulmonary inflammation in both intratracheal instillation and inhalation studies, the neutrophil inflammation in the lung tissue in intratracheal instillation studies is higher than that in inhalation studies. According to Baisch et al. [5], there were significantly more neutrophils in BALF following the intratracheal instillation of TiO2 nanoparticles compared to inhalation, even though the initial lung burdens were the same. Silva et al. [8] also showed that the infiltration of inflammatory cells following the intratracheal instillation of multiwall carbon nanotube (MWCNT) was greater than that following inhalation of MWCNT. Our experiments with NiO and TiO2 nanoparticles showed a similar tendency [6].



As for persistency of inflammation, neutrophil inflammation in the lung tissue in intratracheal instillation studies is equal to or more persistent than that in inhalation studies. A more persistent inflammation in BALF following the intratracheal instillation of NiO nanoparticles in the lung was observed in comparison to inhalation, even though the initial lung burdens were the same. The bolus effect may have resulted in the values of the data from intratracheal instillation being higher and more persistent than those from inhalation, but the bolus effect can not be avoided in an intratracheal instillation. Although the bolus effects are largely observed in the acute phase after exposure, the toxicity of nanoparticles may be estimated in the chronic phase, such as three months or six months postexposure, when the bolus effect is minimalized.




8. Proinflammatory Cytokines and Chemokines


Proinflammatory cytokines and the cytokine-induced neutrophil chemoattractant (CINC) families, including macrophage inflammatory protein-2 (MIP-2), chemokine for neutrophil and macrophages, are reported to be related to pulmonary inflammation induced by inhaled chemicals in both approaches.



The proinflammatory cytokines interleukin-1 (IL-1), IL-6 and tumor necrosis factor (TNF) were reported to be upregulated in the acute phase in animal models exposed to inhaled materials. Exposure to crystalline silica and TiO2 nanoparticles induced the concentration of proinflammatory cytokines in BALF in the acute phase only [34,35,36], and exposure to micron-sized and nano-sized crystalline silica also induced transient IL-1 and TNF concentration [34], and exposure to NiO nanoparticles transiently induced IL-1, IL-6, and TNF concentration in lung tissue in the acute phase [37]. These transient increases in the concentration of proinflammaory cytokines may be the trigger to sustained pulmonary inflammation, although the setting of the observation period for a transient expression may make it difficult to use proinflammatory cytokines as a biomarker of inflammation.



In a study of chemokines, Baisch et al. [5] examined the gene expression of monocyte chemoattractant protein-1 (MCP-1) and CINC-3 (also known as MIP-2) in the lung following inhalation and intratracheal instillation of TiO2. Both exposures induced transient increases in the level of MCP-1 and CINC-3 in the lung tissue accompanied by transient neutrophil infiltration. We also performed inhalation and intratracheal instillation studies of NiO, CeO2 and TiO2 [6,7]. Inhalation exposure of NiO and CeO2 nanoparticles, which induced neutrophil inflammation, induced the expression of CINC-1 and CINC-2 in BALF (Figure 4A). Inhalation exposure of TiO2 nanoparticles did not induce such effects. Intratracheal instillation of NiO and CeO2, which induced persistent neutrophil inflammation, induced the persistent expression of CINC-1 and CINC-2, whereas TiO2, which induced transient inflammation, induced transient expression in BALF (Figure 4B). Gustafsson et al. [36] reported that intratracheal exposure of TiO2 nanoparticles (P25) increased the concentration of CINC-1 in BALF transiently, and persistent neutrophil inflammation was observed through 90 days post exposure, during which time its peak was at 16 days and it came close to control level at 90 days. Adamcakova-Dodd et al. [38] reported that the concentration of MIP-1α and MCP-1 in BALF was not increased in mice exposed to sub-acute and sub-chronic inhalation of zinc oxide (ZnO) nanoparticles with low toxicity.
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Figure 4. Concentration of CINC-1 in BALF. (A) data following inhalation of NiO, CeO2 and TiO2 nanoparticles; (B) data following intratracheal instillation of NiO, CeO2 and TiO2 nanoparticles. Inhalation exposure of NiO and CeO2 nanoparticles, but not TiO2 nanoparticles, induced the expression of CINC-1. Intratracheal instillation of NiO, CeO2 induced persistent expression of CINC-1, whereas TiO2 induced transient expression. (This research was originally published in [6] and [7]). 
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Keratinocyte derived chemokines (KC) have been reported to increase persistently in lung following intratracheal instillation of quartz. Seiffert et al. [39] reported that the intratracheal instillation of silver nanoparticles induced a transient KC concentration in BALF, and that the chemokine expression pattern was accompanied by neutrophil influx in the lung. The inhalation of ZnO nanoparticles with low toxicity did not induce neutrophil infiltration or an increased KC level in BALF [38].



Chemokines such as the CINC family, MIP, MCP and KC reflect the neutrophil influx in the lung, suggesting that these chemokines may be predictive markers of pulmonary toxicity.




9. Oxidative Stress Markers


Many studies have reported that oxidative stress, such as free radicals, antioxidants, and oxidative damage, was induced by nanoparticles. Among these oxidative stress markers, heme oxygenase-1 (HO-1), an antioxidant, may become a predictive marker of pulmonary toxicity. There are reports on the upregulation of HO-1 in the lung exposed to nanoparticles following not only inhalation but also intratracheal instillation [6,7,40]. A short term inhalation exposure of diesel engine exhaust, which is known as particulate air pollution with adverse health effects, induced the expression of HO-1 mRNA in the lung at 18 h post recovery. Sun et al. [40] reported that intratracheal exposure to TiO2 nanoparticles induced not only persistent pulmonary inflammation but also persistent gene expression of HO-1 in the lung. In our inhalation and intratracheal instillation studies of three nanoparticles, of which NiO and CeO2 had high toxicity and TiO2 had low toxicity, the inhalation of NiO and CeO2 increased the concentration of HO-1 in BALF, but TiO2 did not, while the intratracheal instillation of NiO and CeO2 caused a persistent increase in the concentration of HO-1 in BALF and TiO2 caused a transient increase [6,7].



Although there are many reports on glutathione level in the lung induced by nanoparticles, some studies have reported an upregulation of glutathione levels induced by nanoparticles, while others have reported a downregulation. Srinivas et al. [41] reported that inhalation exposure of CeO2 nanoparticles reduced the concentration of glutathione (GSH) in the lung during a 14-day recovery time. The inhalation of singlewall carbon nanotube (SWCNT) also reduced the GSH level in the lung of mice [9]. On the other hand, there are some studies that have shown an increase in glutathione from exposure of nanoparticles. Braakhuis et al. [42] reported that inhalation of silver nanoparticles for four consecutive days induced a transient increase in glutathione concentration in the lung, which corresponded to transient neutrophil infiltration. Acute and chronic inhalation of cadmium oxide (CdO) nanoparticles increased the concentration of glutathione in the lung [42]. As for intratracheal instillation studies, Zhu et al. reported [43] that the content of GSH decreased in nano-sized and submicron-sized Fe2O3 instilled rats at one to seven post-instilled days and then recovered to control level at day 30. The different responses of glutathione induced by nanoparticles may make it difficult to use as a predictor of pulmonary toxicity.



Some papers have shown that oxidative stress induced by nanoparticles increased the level of malondialdehyde (MDA). Srinivas et al. [41] reported that inhalation exposure of CeO2 nanoparticles induced neutrophil infiltration in the lung during the observation time (14 days post exposure) and increased the concentration of MDA in the lung persistently. Inhalation of SWCNT also induced MDA level in the lung of mice [9]. Zhu et al. [43] reported that a neutrophil influx was observed in nano-sized and submicron-sized Fe2O3 instilled rats at one to seven post-instilled days, and it then recovered to control level at day 30, although the MDA levels in the lung exposed to Fe2O3, except for a low dose of nanoparticles, increased up to 30 days. Because MDA level tends to last even if inflammation resolves, it may be difficult to use MDA alone to predict pulmonary toxicity.



Biological Halftimes of Nanoparticles


There are some reports that the biological halftimes of materials following intratracheal instillation are the same as or longer than those following inhalation [6,20]. Baisch et al. [5] compared the clearance of TiO2 nanoparticles in the lung following inhalation and intratracheal instillation under the same initial lung burden. Two thirds of the TiO2 nanoparticles were cleared at seven days after the end of inhalation, but in the intratracheal instillation study most of the TiO2 did not clear from the lung at seven days. We performed four-week inhalation and intratracheal instillation studies of potassium hexatitanate, which is not a nanoparticle, and examined its biopersistence [44]. Its biological halftimes following inhalation and intratracheal instillation were 2.3 and 3.1 months, respectively. Silver et al. [8] examined the lung burden induced by MWCNT at one day and 21 days following intratracheal instillation and inhalation, and found no clearance of MWCNT in either approach, although the halftimes were not shown. The bolus effect may have caused the result that there was a longer delay of clearance of nanoparticles in the intratracheal instillation than in the inhalation. The avoidance of an excessive dosage in an intratracheal instillation of nanoparticles will diminish the delayed clearance of nanoparticles in the lung. If the dosage in the intratracheal instillation of nanoparticles is regulated, pulmonary responses caused by the difference in clearance of nanoparticles can be kept to a minimum level. Oyabu et al. [15] showed that if the dose of TiO2 nanoparticles for an intratracheal instillation is less than 1 mg/rat, the delayed clearance of nanoparticles can be minimized. The regulation of dosage may vary according to the density of the material, but it is important to consider that a delay of the clearance from an excessive dosage may cause additional responses by nanoparticles.





10. Conclusions


We reviewed the effectiveness of intratracheal instillation studies for the estimation of the hazard of nanoparticles. A difference in pulmonary inflammation was observed between high and low toxicity nanoparticles in the intratracheal instillation studies, as in the inhalation studies. Among the endpoints of pulmonary toxicity, the kinetics of neutrophil counts, percentage of neutrophils, and chemokines for neutrophils and macrophages, HO-1 in BALF, reflected pulmonary inflammation, suggesting that these may be useful as predictive markers of pulmonary toxicity in both types of studies. If a comparison is made of pulmonary inflammation between intratracheal instillation and inhalation studies under the same initial lung burden, there is a tendency that the inflammatory response following the intratracheal instillation of nanoparticles is greater than or equal to that following the inhalation of nanoparticles. Taken together, we suggest that intratracheal instillation studies can be useful for ranking the hazard of nanoparticles based on pulmonary inflammation.







Acknowledgments


This work was supported by “Development of innovative methodology for safety assessment of industrial nanomaterials” by the Ministry of Economy, Trade and Industry (METI) of Japan.




Author Contributions


Yasuo Morimoto, Hiroto Izumi, Yukiko Yoshiura and Kei Fujishima contributed the experimental design in the animal studies and predictive markers of pulmonary toxicity. Kazuhiro Yamamoto contributed the physico-chemical properties of nanoparticles. Kazuhiro Yatera contributed the deposition of nanoparticles.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Krug, H.F. Nanosafety research—Are we on the right track? Angew. Chem. Int. Ed. 2014, 53, 12304–12319. [Google Scholar] [CrossRef] [PubMed]

	



Poland, C.A.; Duffin, R.; Kinloch, I.; Maynard, A.; Wallace, W.A.; Seaton, A.; Stone, V.; Brown, S.; Macnee, W.; Donaldson, K. Carbon nanotubes introduced into the abdominal cavity of mice show asbestos-like pathogenicity in a pilot study. Nat. Nanotechnol. 2008, 3, 423–428. [Google Scholar] [CrossRef] [PubMed]

	



Oberdorster, G.; Oberdorster, E.; Oberdorster, J. Nanotoxicology: An emerging discipline evolving from studies of ultrafine particles. Environ. Health Perspect. 2005, 113, 823–839. [Google Scholar] [CrossRef] [PubMed]

	



Schinwald, A.; Murphy, F.A.; Prina-Mello, A.; Poland, C.A.; Byrne, F.; Movia, D.; Glass, J.R.; Dickerson, J.C.; Schultz, D.A.; Jeffree, C.E.; et al. The threshold length for fiber-induced acute pleural inflammation: Shedding light on the early events in asbestos-induced mesothelioma. Toxicol. Sci. 2012, 128, 461–470. [Google Scholar] [CrossRef] [PubMed]

	



Baisch, B.L.; Corson, N.M.; Wade-Mercer, P.; Gelein, R.; Kennell, A.J.; Oberdörster, G.; Elder, A. Equivalent titanium dioxide nanoparticle deposition by intratracheal instillation and whole body inhalation: The effect of dose rate on acute respiratory tract inflammation. Part. Fibre Toxicol. 2014, 11, 5. [Google Scholar] [CrossRef] [PubMed]

	



Morimoto, Y.; Izumi, H.; Yoshiura, Y.; Tomonaga, T.; Lee, B.W.; Okada, T.; Oyabu, T.; Myojo, T.; Kawai, K.; Yatera, K.; et al. Comparison of pulmonary inflammatory responses following intratracheal instillation and inhalation of nanoparticles. Nanotoxicology 2015. [Google Scholar] [CrossRef] [PubMed]

	



Morimoto, Y.; Izumi, H.; Yoshiura, Y.; Tomonaga, T.; Oyabu, T.; Myojo, T.; Kawai, K.; Yatera, K.; Shimada, M.; Kubo, M.; et al. Pulmonary toxicity of well-dispersed cerium oxide nanoparticels following intratracheal instillation and inhalation. J. Nanopart. Res. 2015, 17, 442. [Google Scholar] [CrossRef] [PubMed]

	



Silva, R.M.; Doudrick, K.; Franzi, L.M.; TeeSy, C.; Anderson, D.S.; Wu, Z.; Mitra, S.; Vu, V.; Dutrow, G.; Evans, J.E.; et al. Instillation versus inhalation of multiwalled carbon nanotubes: Exposure-related health effects, clearance, and the role of particle characteristics. ACS Nano 2014, 8, 8911–8931. [Google Scholar] [CrossRef] [PubMed]

	



Shvedova, A.A.; Kisin, E.; Murray, A.R.; Johnson, V.J.; Gorelik, O.; Arepalli, A.; Hubbs, A.F.; Mercer, R.R.; Keohavong, P.; Sussman, N.; et al. Inhalation vs. aspiration of single-walled carbon nanotubes in C57BL/6 mice: Inflammation, fibrosis, oxidative stress, and mutagenesis. Am. J. Physiol. Lung Cell. Mol. Physiol. 2008, 295, L552–L565. [Google Scholar] [CrossRef] [PubMed]

	



Nishi, K.; Morimoto, Y.; Ogami, A.; Murakami, M.; Myojo, T.; Oyabu, T.; Kadoya, C.; Yamamoto, M.; Todoroki, M.; Hirohashi, M.; et al. Expression of cytokine-induced neutrophil chemoattractant in rat lungs by intratracheal instillation of nickel oxide nanoparticles. Inhal. Toxicol. 2009, 21, 1030–1039. [Google Scholar] [CrossRef] [PubMed]

	



Ogami, A.; Morimoto, Y.; Myojo, T.; Oyabu, T.; Murakami, M.; Nishi, K.; Kadoya, C.; Tanaka, I. Histopathological changes in rat lung following intratracheal instillation of silicon carbide whiskers and potassium octatitanate whiskers. Inhal. Toxicol. 2007, 19, 753–758. [Google Scholar] [CrossRef] [PubMed]

	



Pauluhn, J. Comparative pulmonary response to inhaled nanostructures: Considerations on test design and endpoints. Inhal. Toxicol. 2009, 21, 40–54. [Google Scholar] [CrossRef] [PubMed]

	



Warheit, D.B. How to measure hazards/risks following exposures to nanoscale or pigment-grade titanium dioxide particles. Toxicol. Lett. 2013, 4, 193–204. [Google Scholar] [CrossRef] [PubMed]

	



Costa, D.L.; Lehmann, J.R.; Winsett, D.; Richards, J.; Ledbetter, A.D.; Dreher, K.L. Comparative pulmonary toxicological assessment of oil combustion particles following inhalation or instillation exposure. Toxicol. Sci. 2006, 91, 237–246. [Google Scholar] [CrossRef] [PubMed]

	



Oyabu, T.; Morimoto, Y.; Hirohashi, M.; Horie, M.; Kambara, T.; Lee, B.W.; Hashiba, M.; Mizuguchi, Y.; Myojo, T.; Kuroda, E. Dose-dependent pulmonary response of well-dispersed titanium dioxide nanoparticles following intratracheal instillation. J. Nanopart. Res. 2013, 15, 1600. [Google Scholar] [CrossRef]

	



Morimoto, Y.; Hirohashi, M.; Ogami, A.; Oyabu, T.; Myojo, T.; Nishi, K.; Kadoya, C.; Todoroki, M.; Yamamoto, M.; Murakami, M.; et al. Inflammogenic effect of well-characterized fullerenes in inhalation and intratracheal instillation studies. Part. Fibre Toxicol. 2010, 14, 4. [Google Scholar] [CrossRef] [PubMed]

	



Creutzenberg, O.; Hansen, T.; Ernst, H.; Muhle, H. Toxicity of a quartz with occluded surfaces in a 90-day intratracheal instillation study of rats. Inhal. Toxicol. 2008, 20, 995–1008. [Google Scholar] [CrossRef] [PubMed]

	



Warheit, D.B.; Brock, W.J.; Lee, K.P.; Webb, T.R.; Reed, K.L. Comparative pulmonary toxicity inhalation and instillation studies with different TiO2 particle formulations: Impact of surface treatments on particle toxicity. Toxicol. Sci. 2005, 88, 514–524. [Google Scholar] [CrossRef] [PubMed]

	



Kobayashi, N.; Naya, M.; Endoh, S.; Maru, J.; Yamamoto, K.; Nakanishi, J. Comparative pulmonary toxicity study of nano-TiO2 particles of different sizes and agglomerations in rats: Different short- and long-term post-instillation results. Toxicology 2009, 264, 110–118. [Google Scholar] [CrossRef] [PubMed]

	



Silva, R.M.; Anderson, D.S.; Franzi, L.M.; Peake, J.L.; Edwards, P.C.; van Winkle, L.S.; Pinkerton, K.E. Pulmonary effects of silver nanoparticle size, coating, and dose over time upon intratracheal instillation. Toxicol. Sci. 2015, 144, 151–162. [Google Scholar] [CrossRef] [PubMed]

	



Bermudez, E.; Mangum, J.B.; Asgharian, B.; Wong, B.A.; Reverdy, E.E.; Janszen, D.B.; Hext, P.M.; Warheit, D.B.; Everitt, J.I. Long-term pulmonary responses of three laboratory rodent species to subchronic inhalation of pigmentary titanium dioxide particles. Toxicol. Sci. 2002, 70, 86–97. [Google Scholar] [CrossRef] [PubMed]

	



Bermudez, E.; Mangum, J.B.; Wong, B.A.; Asgharian, B.; Hext, P.M.; Warheit, D.B.; Everitt, J.I. Pulmonary responses of mice, rats, and hamsters to subchronic inhalation of ultrafine titanium dioxide particles. Toxicol. Sci. 2004, 77, 347–357. [Google Scholar] [CrossRef] [PubMed]

	



Norgaard, A.W.; Larsen, S.T.; Hammer, M.; Poulsen, S.S.; Jensen, K.A.; Nielsen, G.D.; Wolkoff, P. Lung damage in mice after inhalation of nanofilm spray products: The role of perfluorination and free hydroxyl groups. Toxicol. Sci. 2010, 116, 216–224. [Google Scholar] [CrossRef] [PubMed]

	



Sowards, J.M.; Ramirez, A.J.; Dickinson, D.W.; Lippold, J.C. Characterization of welding fume from SMAW elecrodes—Part II. Weld. J. 2010, 89, 82–90. [Google Scholar]

	



Dasch, J.; D’Arcy, J. Physical and chemical characterization of airborne particles from welding operations in automotive plants. J. Occup. Environ. Hyg. 2008, 5, 444–454. [Google Scholar] [CrossRef] [PubMed]

	



Stephenson, D.; Seshadri, G.; Veranth, J.M. Workplace exposure to aubmicron particle mass and number concentration from manual arc welding of carbon steel. AIHA J. 2003, 64, 516–521. [Google Scholar] [CrossRef]

	



Akira, M. Uncommon pneumoconiosis: CT and pathological findings. Radiology 1995, 197, 403–409. [Google Scholar] [CrossRef] [PubMed]

	



Cyphert, J.M.; Padilla-Carlin, D.J.; Schlandweiler, M.C.; Shannahan, J.H.; Nyska, A.; Kodavanti, U.P.; Gavett, S.H. Long-term response of rats to single intratracheal exposure of Lobby amphibole or amosite. J. Toxicol. Environ. Health 2012, 75, 183–200. [Google Scholar] [CrossRef] [PubMed]

	



Jeong, J.; Kim, J.; Seok, S.H.; Cho, W.S. Indium oxide (In2O3) nanoparticles induce progressive lung injury distinct from lung injuries by copper oxide (CuO) and nickel oxide (NiO) nanoparticles. Arch. Toxicol. 2015. [Google Scholar] [CrossRef] [PubMed]

	



Tan, R.J.; Fattman, C.L.; Watkins, S.C.; Oury, T.D. Redistribution of pulmonary EC-SOD after exposure to asbestos. J. Appl. Physiol. 2004, 97, 2006–2013. [Google Scholar] [CrossRef] [PubMed]

	



Haegens, A.; van der Vliet, A.; Butnor, K.J.; Heintz, N.; Taatjes, D.; Hemenway, D.; Vacek, P.; Freeman, B.A.; Hazen, S.L.; Brennan, M.L.; et al. Asbestos-induced lung inflammation and epithelial cell proliferation are altered in myeloperoxidase-null mice. Cancer Res. 2005, 65, 9670–9677. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Leigh, J. Effects of nitric oxide synthase inhibitor omega-nitro-l-arginine methyl ester, on silica-induced inflammatory reaction and apoptosis. Part. Fibre Toxicol. 2006, 7, 14. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Leigh, J.; Wang, H.; Bonin, A.; Peters, M.; Ruan, X. Silica-induced apoptosis in alveolar and granulomatous cells in vivo. Environ. Health Perspect. 1997, 105, 1241–1245. [Google Scholar] [CrossRef] [PubMed]

	



Roursgaard, M.; Jensen, K.A.; Poulsen, S.S.; Jensen, N.E.V.; Poulsen, L.K.; Hammer, M.; Nielsen, G.D.; Larsen, S.T. Acute and subchronic airway inflammation after intratracheal instillation of quartz and titanium dioxide agglomerates in mice. Sci. World J. 2011, 11, 801–825. [Google Scholar] [CrossRef] [PubMed]

	



Park, E.J.; Yoon, J.; Choi, K.; Yi, J.; Park, K. Induction of chronic inflammation in mice treated with titanium dioxide nanoparticles by intratracheal instillation. Toxicology 2009, 260, 37–46. [Google Scholar] [CrossRef] [PubMed]

	



Gustafsson, A.; Lindstedt, E.; Elfsmark, L.S.; Bucht, A. Lung exposure of titanium dioxide nanoparticles induces innate immune activation and long-lasting lymphocyte response in the Dark Agouti rat. J. Immunotoxicol. 2011, 8, 111–121. [Google Scholar] [CrossRef] [PubMed]

	



Morimoto, Y.; Ogami, A.; Todoroki, M.; Yamamoto, M.; Murakami, M.; Hirohashi, M.; Oyabu, T.; Myojo, T.; Nishi, K.; Kadoya, C.; et al. Expression of inflammation-related cytokines following intratracheal instillation of nickel oxide nanoparticles. Nanotoxicology 2010, 4, 161–176. [Google Scholar] [CrossRef] [PubMed]

	



Adamcakova-Dodd, A.; Stebounova, L.V.; Kim, J.S.; Vorrink, S.U.; Ault, A.P.; O’Shaughnessy, P.T.; Grassian, V.H.; Thorne, P.S. Toxicity assessment of zinc oxide nanoparticles using sub-acute and sub-chronic murine inhalation models. Part. Fibre Toxicol. 2014, 11, 15. [Google Scholar] [CrossRef] [PubMed]

	



Seiffert, J.; Hussain, F.; Wiegman, C.; Li, F.; Bey, L.; Baker, W.; Porter, A.; Ryan, M.P.; Chang, Y.; Gow, A.; et al. Pulmonary toxicity of instilled silver nanoparticles: Influence of size, coating and rat strain. PLoS ONE 2015, 10, e0019726. [Google Scholar]

	



Sun, Q.; Tan, D.; Zhou, Q.; Liu, X.; Cheng, Z.; Liu, G.; Zhu, M.; Sang, X.; Gui, S.; Cheng, J.; et al. Oxidative damage of lung and its protective mechanism in mice caused by long-term exposure to titanium dioxide nanoparticles. J. Biomed. Mater. Res. A 2012, 100, 2554–2562. [Google Scholar] [CrossRef] [PubMed]

	



Srinivas, A.; Rao, P.J.; Selvam, G.; Murthy, P.B.; Reddy, P.N. Acute inhalation toxicity of cerium oxide nanoparticles in rats. Toxicol. Lett. 2011, 205, 105–115. [Google Scholar] [CrossRef] [PubMed]

	



Blahova, L.; Kohoutek, J.; Lebedova, J.; Blaha, L.; Vecera, Z.; Buchtova, M.; Misek, I.; Hilscherova, K. Simultaneous determination of reduced and oxidized glutathione in tissues by a novel liquid chromatography-mass spectrometry methods: Application in an inhalation study of Cd nanoparticles. Anal. Bioanal. Chem. 2014, 406, 5867–5876. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, M.T.; Feng, W.Y.; Wang, B.; Wang, T.C.; Gu, Y.Q.; Wang, M.; Wang, Y.; Ouyang, H.; Zhao, Y.L.; Chai, Z.F. Comparative study of pulmonary responses to nano- and submicron-sized ferric oxide in rats. Toxicology 2008, 21, 102–111. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, M.; Oyabu, T.; Morimoto, Y.; Ogami, A.; Kadoya, C.; Nishi, K.; Todoroki, M.; Myojo, T.; Tanaka, I. Biopersistence of potassium hexatitanate in inhalation and intratracheal instillation studies. Inhal. Toxicol. 2011, 23, 196–204. [Google Scholar] [CrossRef] [PubMed]





© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons by Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
)

B

(

A)

(





nav.xhtml


  ijms-17-00165


  
    		
      ijms-17-00165
    


  




  





media/file1.png





media/file2.png





media/file7.png
Concentration of CINC-1 in BALF (pg/ml)

Concentration of CINC-1 in BALF (pg/ml)

300

250

200

150

100

800
700
600
500
400
300
200
100

o

O Negative control
ETiO2
O Negative control
OCe02
O Negative control

3days 1month 3months
Recover
v ** <0.01 vs negative control
A)
O Negative control
aTio20.2
ETi021.0m
O Negative control
OCe020.
q OCe021.0m,
O Negative control
aNi0 0.2 m
ENi0O1.0mg
*
3 days 1 week 1 month 3 months 6 months
Recovery * <0.05 vs negative control

** <0.01 vs negative control

(B)





media/file5.png





media/file3.png





media/file8.png
Concentration of CINC-1 in BALF (pg/ml)

Concentration of CINC-1 in BALF (pg/ml)

300

250

200

150

100

50

800
700
600
500
400
300
200
100

* Xk

* Xk

* Xk

N

* Xk

.

3days

Al

3 days

1 week

1month

Recovery

(A)

* %k

1 month 3 months 6 months

Recovery

(B)

3months

O Negative control
WTiO2

O Negative control
O CeO2

O Negative control
B NiO

** <0.01 vs negative control

O Negative control
OTiO2 0.2 mg
WmTiO21.0mg

O Negative control
O0Ce02 0.2 mg
O0Ce02 1.0 mg

O Negative control
ONiO 0.2 mg

B NiO 1.0 mg

* <0.05 vs negative control
** <0.01 vs negative control





media/file6.png





