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Abstract 

Background: In Japan, six workers handling cross‑linked water‑soluble acrylic acid polymer (CWAAP) at a chemi‑
cal plant suffered from lung diseases, including fibrosis, interstitial pneumonia, emphysema, and pneumothorax. 
We recently demonstrated that inhalation of CWAAP‑A, one type of CWAAP, causes pulmonary disorders in rats. It is 
important to investigate dose–response relationships and recoverability from exposure to CWAAPs for establishing 
occupational health guidelines, such as setting threshold limit value for CWAAPs in the workplace.

Methods: Male and female F344 rats were exposed to 0.3, 1, 3, or 10 mg/m3 CWAAP‑A for 6 h/day, 5 days/week for 
13 weeks using a whole‑body inhalation exposure system. At 1 h, 4 weeks, and 13 weeks after the last exposure the 
rats were euthanized and blood, bronchoalveolar lavage fluid, and all tissues including lungs and mediastinal lymph 
nodes were collected and subjected to biological and histopathological analyses. In a second experiment, male rats 
were pre‑treated with clodronate liposome or polymorphonuclear leukocyte‑neutralizing antibody to deplete mac‑
rophages or neutrophils, respectively, and exposed to CWAAP‑A for 6 h/day for 2 days.

Results: CWAAP‑A exposure damaged only the alveoli. The lowest observed adverse effect concentration (LOAEC) 
was 1 mg/m3 and the no observed adverse effect concentration (NOAEC) was 0.3 mg/m3. Rats of both sexes were 
able to recover from the tissue damage caused by 13 weeks exposure to 1 mg/m3 CWAAP‑A. In contrast, tissue 
damage caused by exposure to 3 and 10 mg/m3 was irreversible due to the development of interstitial lung lesions. 
There was a gender difference in the recovery from CWAAP‑A induced pulmonary disorders, with females recovering 
less than males. Finally, acute lung effects caused by CWAAP‑A were significantly reduced by depletion of alveolar 
macrophages.
Conclusions: Pulmonary damage caused by inhalation exposure to CWAAP‑A was dose‑dependent, specific to the 
lung and lymph nodes, and acute lung damage was ameliorated by depleting macrophages in the lungs. CWAAP‑
A had both a LOAEC and a NOAEC, and tissue damage caused by exposure to 1 mg/m3 CWAAP‑A was reversible: 
recovery in female rats was less than for males. These findings indicate that concentration limits for CWAAPs in the 
workplace can be determined.
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Background
Cross-linked water-soluble acrylic acid polymers 
(CWAAPs) are used worldwide as a thickening agent 
to increase viscosity and sol–gel stability. CWAAPs are 
used in products such as cosmetics and pharmaceuti-
cals owing to their low potential for skin and eye irrita-
tion. However, recently in Japan, six workers who were 
handling CWAAPs at a chemical plant producing these 
resins suffered from lung diseases, including fibrosis, 
interstitial pneumonia, emphysema, and pneumotho-
rax [1]. Site investigations at the plant revealed that very 
high concentrations of CWAAP particles were detected 
in the workspace at the time and that the accident was 
caused by workers inhaling large quantities of CWAAP 
aerosols during their work. Notably, five of these workers 
had a work history of only about 2  years. Based on the 
results obtained from a clinical research project on this 
case [2, 3], in April 2019 the Ministry of Health, Labor 
and Welfare certified that five of the workers handling 
CWAAPs had incurred occupational injuries [4]. Con-
sequently, to protect the health of workers who are still 
working in environments where CWAAPs are handled, 
it is extremely important to characterize the respiratory 
diseases caused by exposure to CWAAPs and to exam-
ine the mechanisms by which CWAAP-exposure causes 
these diseases.

Little is known about lung disorders caused by inha-
lation exposure to CWAAPs, Therefore, using a whole-
body systemic inhalation system, we recently examined 
the effects of inhalation exposure to CWAAP aerosol 
in the rat, from the acute to the chronic phase [5]. The 
results obtained revealed: (1) inhalation exposure to 
CWAAP causes alveolar injury in the acute phase and 
continuous exposure caused regenerative changes in the 
alveoli; (2) during the recovery phase, some of the alveo-
lar lesions were repaired, while others progressed to alve-
olitis with fibrous thickening; and (3) cell types activated 
by TGFβ signaling may be involved in the pathogenesis 
of CWAAP. However, in the above study, we adopted 
an irregular inhalation exposure protocol of 4 h per day, 
once a week at high concentrations, in order to simulate 
exposure at the time of the industrial accident. Moreo-
ver, to ensure a sufficient number of animals per CWAAP 
exposure concentration, only two concentrations were 
used. Thus, while our previous study yielded important 
information, further studies are required to properly 
assess the effect of CWAAP exposure in experimental 
animals.

To be accepted by many regulatory body, a reliable tox-
icity test should be conducted with reference to testing 
guidelines adopted by the Organization for Economic 
Co-operation and Development (OECD). The OECD 
guidelines for the testing of chemicals 413 (OECD TG 

413) requires an exposure protocol of 6 h per day, 5 days 
per week, for 90  days at more than 3 concentrations, 
using both male and female rodents [6]. Therefore, to 
obtain data that would contribute to occupational health, 
such as setting acceptable limits for CWAAP exposure 
in the workplace, in the present study we conducted a 
90-day inhalation exposure test of CWAAP with ref-
erence to OECD TG 413. In addition, recovery from 
CWAAP inhalation exposure was investigated.

Our previous research had demonstrated that inhala-
tion of CWAAP-A causes alveolar injury characterized 
by alveolar collapse with a high degree of neutrophilic 
infiltration in the acute phase [5]. In addition, it is gener-
ally known that macrophages are involved in pulmonary 
disorders caused by inorganic dust [7]. Consequently, 
the contribution of macrophages to the adverse effects of 
CWAAP-A, an organic dust, is of great interest. There-
fore, in addition to the 90-day subchronic inhalation 
study we also conducted a second experiment to investi-
gate whether the removal of alveolar macrophage or neu-
trophils would affect CWAAP-induced acute lung injury. 
We used clodronate liposomes for macrophage depletion 
[8] and polymorphonuclear leukocytes (PMN)-neutraliz-
ing antibodies for neutrophil depletion [9].

Results
Stability of aerosol generation and mass concentration 
and particle size distribution of CWAAP‑A in the inhalation 
chamber
The mass concentrations of CWAAP-A aerosol in the 
inhalation chamber are shown in Additional file 1: Fig. 
S1B. Each CWAAP-A concentration was essentially 
equal to the target concentration over the 13-week 
exposure period (Table  1). The size distribution and 
morphology of the particles was measured at the first, 
sixth, and least week of exposure. The mass median aer-
odynamic diameters (MMAD) and geometric standard 
deviation (GSD) of the CWAAP-A aerosol were within 
0.8–0.9 μm and 2.6–2.7, respectively, and were similar 
for all CWAAP-exposed groups (Table 1 and Additional 
file  1: Fig. S1C). Morphological observations by scan-
ning electron microscope (SEM) confirmed that the 
CWAAP-A particles generated in the chamber did not 
appear to be highly aggregated or humidified (Addi-
tional file 1: Fig. S1D). These data indicate that the size 
distribution and morphology of the CWAAP-A aero-
sols were constant during the 13-week exposure period.

Cytology and biochemistry of plasma, and organ weight
In all CWAAP-exposed rats, neither mortality nor res-
piratory clinical signs were observed throughout the 
study (Fig. 1a, b), and there was no change in final body 
weight (Fig.  1c, d). Differential white blood cell analysis 



Page 4 of 29Takeda et al. Particle and Fibre Toxicology  2022, 19(1):27

showed an increase in the percentage of neutrophils and 
a corresponding significant decrease in the percentage of 
lymphocytes in the blood immediately after the 13 week 
exposure period in a CWAAP-A concentration depend-
ent manner (Additional file  11: Extended file 1). In the 
10  mg/m3 group, these changes were still significant 
after the 13-week recovery period, while in the 3 mg/m3 
exposure groups these changes were no longer significant 

and in the 1  mg/m3 and 0.3  mg/m3 exposure groups 
these changes were completely resolved. Exposure to 
CWAAP-A significantly decreased total cholesterol and 
phospholipid (PL) in the plasma immediately after the 
13 week exposure period in a CWAAP-A concentration 
dependent manner, however, these changes were mostly 
resolved after the 13  week recovery period (Additional 
file  12:Extended file 2). Other changes in the blood/

Table 1 The characterization of CWAAP‑A generated in the inhalation chamber

Target concentration (mg/m3) 0 0.3 1 3 10

Temperature (℃) 23.6 ± 0.5 23.5 ± 0.6 23.7 ± 0.7 23.7 ± 0.7 23.8 ± 0.6

Humidity (%) 46.6 ± 1.4 44.8 ± 1.0 44.5 ± 2.3 44.6 ± 1.0 45.0 ± 0.8

Chamber air flow (L/min) 411.9 ± 1.3 417.5 ± 2.8 416.1 ± 3.1 413.0 ± 2.9 416.5 ± 2.9

Gravimetric mass concentration (mg/m3) – 0.31 ± 0.04 1.02 ± 0.06 3.05 ± 0.17 9.96 ± 0.52

Calibrated mass concentration (mg/m3) – 0.31 ± 0.02 1.05 ± 0.05 3.07 ± 0.13 10.19 ± 0.32

1 week: MMAD µm (GSD) – 0.8 (2.7) 0.9 (2.6) 0.9 (2.6) 0.8 (2.7)

6 week: MMAD µm (GSD) – 0.8 (2.7) 0.8 (2.6) 0.8 (2.7) 0.8 (2.7)

13 week: MMAD µm (GSD) – 0.8 (2.6) 0.8 (2.6) 0.8 (2.6) 0.8 (2.7)

Fig. 1 Survival curves and final body weights of rats after inhalation of cross‑linked water‑soluble acrylic acid polymer (CWAAP‑A) (0.3, 1, 3 or 
10 mg/m3, 6 h/day, 5 days/week, 13 weeks). Final body weight of male (c) and female (d) rats were measured at each sacrifice. 4 w recovery and 
13 w recovery mean 4 weeks and 13 weeks after the last exposure of 13 weeks, respectively. w week
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plasma of the CWAAP-A exposed rats did not have a 
correlation with the exposure concentration or were very 
modest, suggesting low toxicological significance.

CWAAP-A concentration-dependent increases in lung 
and mediastinal lymph node weights were observed in 
both males and females immediately after the final expo-
sure, and the increased weights lessened with the length 
of the recovery period (Figs.  2 and 3). However, even 
after a 13-week recovery period, significant increases 
in the lung weights of male rats exposed to CWAAP-A 
concentrations of 1  mg/m3 and above and female rats 
exposed to CWAAP-A concentrations of 3  mg/m3 and 
10 mg/m3 were observed (Fig. 2), and mediastinal lymph 
node weights were still significantly increased in the male 
and female 10 mg/m3 groups (Fig. 3). Although CWAAP-
A also caused significant increases or decreases in sev-
eral other organ weights, including adrenals and ovaries, 
most of the changes were slight (approximately 10%) or 

did not correlate with exposure concentration (Addi-
tional file 13:Extended file 3) and no gross changes were 
observed, suggesting low toxicological significance.

Macroscopic images of lung and mediastinal lymph node
Representative macroscopic images of the lungs and 
mediastinal lymph nodes are shown in Figs.  4 and 5 
and Additional file 2: Fig. S2. There were color changes 
in the lungs of the rats exposed to CWAAP-A. Com-
pared to the pure salmon-pink color of the control 
group, the CWAAP-exposed lungs, especially in the 
10  mg/m3 group, had lost their reddish color imme-
diately after the final exposure and appeared ochre-
colored, with diffuse edematous changes with marked 
swelling (Fig. 4). These changes had not been restored 
to normal after a 4-week recovery period (Fig. 4). After 
the 13-week recovery period, the enlargement and 
edema-like changes in the lungs tended to be restored 

Fig. 2 Dose‑dependent increases in the lung weights of rats following inhalation exposure to CWAAP‑A (0.3, 1, 3 or 10 mg/m3, 6 h/day, 5 days/
week, 13 weeks) Absolute lung weights in male (a) and female (b) rats were measured at each sacrifice, and the relative weights of males (c) and 
females (d) were calculated as a percentage of body weight. William’s multiple comparison test compared with age‑matched control (0 mg/m3) 
groups: *p < 0.025 and ***p < 0.0005.
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to normal. In addition, enlargement of a white zone in 
the hilar region of the heart surface of the left lung was 
observed (hotspot area), which was consistent with our 
recent report [5]. Observation of the surface (Fig.  5) 
and cross-section (Additional file 2: Fig. S2) of the left 
lung after fixation found a large number of white spots 
in the 10 mg/m3 group immediately after exposure, and 
these spots were still present after the 13-week recov-
ery period (Additional file 2: Fig. S2). There were fewer 
white spots in the lungs of rats exposed to lower con-
centrations of CWAAP-A. Dose-dependent changes 
were also confirmed in mediastinal lymph nodes. 
Enlargement of mediastinal lymph nodes was observed 
after CWAAP-A exposure, and restoration to nor-
mal occurred in a recovery period dependent manner 
(Fig. 5). Thus, similarly to lung and mediastinal lymph 
node weights, the changes noted above in the lungs and 
mediastinal lymph nodes and the recovery to normal 

showed exposure concentration dependence and recov-
ery period dependence.

Histopathological examination for lung and mediastinal 
lymph node
Histopathological data for the lung and mediastinal 
lymph nodes immediately after the last exposure are 
shown in Table 2. CWAAP-A exposure induced various 
inflammation/injury and associated regeneration-related 
findings in the pulmonary alveolar region. Granuloma-
tous changes, commonly observed with inhalation 
exposure to dust, were observed in all rats exposed to 
CWAAP-A at concentrations of 1 mg/m3 and above, and 
the average severity grade was concentration-depend-
ent (Table  2). In addition, significant accumulation of 
lipoproteinous material, which may represent a mild 
form of pulmonary alveolar proteinosis, was observed 
in male rats exposed to 10  mg/m3 and female rats 
exposed to 3 mg/m3 and 10 mg/m3 CWAAP-A (Table 2). 

Fig. 3 Changes in mediastinal lymph node weights of rats after inhalation of CWAAP‑A (0.3, 1, 3 or 10 mg/m3, 6 h/day, 5 days/week, 13 weeks). 
Absolute weights of mediastinal lymph nodes in male (a) and female (b) rats were measured at each sacrifice. In c and d, their weights relative to 
body weight are shown for males (c) and females (d). William’s multiple comparison test compared with age‑matched control (0 mg/m3) groups: 
*p < 0.025, *p < 0.005 and ***p < 0.0005
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Accumulation of lipoproteinous material was observed 
principally around the hilar region of the heart surface, 
a hotspot (Fig.  6). Importantly, exposure to 1  mg/m3 or 
higher concentrations of CWAAP-A caused "multifocal 
lesions" in the lungs, consisting mainly of enlarged/prolif-
erating alveolar epithelium and infiltration of neutrophils 
and macrophages and inflammation of the air spaces. 
In the mediastinal lymph nodes, significant lymphoid 
hyperplasia was seen in males exposed to 3 and 10 mg/
m3 CWAAP-A and in females exposed to 10  mg/m3 
(Table 2). Taken together, the lesions observed in the pre-
sent study were caused by exposure to 1 mg/m3 or more 
CWAAP-A, and no pathological toxicity was observed in 
male or female rats exposed to 0.3 mg/m3 CWAAP-A.

The 13-week recovery period resulted in complete 
resolution of tissue damage caused by exposure to 1 mg/
m3 CWAAP-A for 13  weeks in both male and female 
rats (Tables 2 and 4). The only abnormality in the lungs 

of these animals was granulation tissue encapsulating 
CWAAP-A. In contrast, rats exposed to 3  mg/m3 and 
10  mg/m3 developed cholesterol cleft, alveolitis (which 
is a pathological finding of interstitial pneumonia), and 
fibrous thickening of the interstitium. These lesions were 
not present in any of the rats immediately after the end of 
the inhalation exposure period (Table 2), but had begun 
to develop at the 4 week recovery period (Table 3), and 
were all significantly increased (except for cholesterol 
cleft in the 3 mg/m3 male group) at the 13 week recovery 
period (Table 4). These findings indicate that lung disease 
developed in the rats exposed to 3 mg/m3 and 10 mg/m3 
CWAAP-A.

Involvement of the lymphatic vessels in CWAAP‑induced 
pulmonary disorders
The main routes for removing foreign bodies aspirated 
into the lung are by retrograde movement of the mucus 
comprising the bronchial mucosa driven by the ciliated 
cells lining the lung passages (the mucociliary escalator) 
and drainage via lymphatic vessels [10–12]. We investi-
gated the relationship between lymphatic vessels and 
localization of multifocal lesions in the rat lung. First, we 
visualized lymphatic vessels by green fluorescent pro-
tein (GFP) staining in the lungs of Prospero homeobox 
protein-1(Prox1)-EGFP transgenic rats [13] (Additional 
file 3: Fig. S3). We then examined the co-localization of 
EGFP with commercially available lymphatic markers, 
including vascular endothelial growth factor receptor 
3 (VEGFR3), lymphatic vessel endothelial hyaluronan 
receptor 1 (Lyve-1), and podoplanin (RT1-40) (Additional 
file 4: Fig. S4). VEGFR3 showed the best co-localization 
with GFP (Additional file 4: Fig. S4). We then examined 
the localization of lymphatic vessels in lungs exposed 
to CWAAP-A. We stained lung sections with α-smooth 
muscle actin (αSMA), a marker for arterial and venous 
smooth muscle, and VEGFR3 (Fig. 7). Both immediately 
after the end of the exposure period and after the 13 week 
recovery period, lungs exposed to 10 mg/m3 CWAAP-A 
had dilated collecting lymphatic vessels both in the hilar 
region and bronchovascular bundle interstitium, and 
an increase in the number of capillary lymphatic vessels 
(Fig.  7b, c). These results indicate that the CWAAP-A 
exposure affected the lymphatic vasculature.

Histopathological findings in other organs
Histopathological findings in the nasal cavity, trachea, 
liver, stomach, pancreas, kidney, prostate, pituitary gland, 
thyroid, mammary gland, uterus, brain, eye, harder 
gland, and bone marrow are shown in Additional file 14: 
Extended file 4. Inhalation exposure to CWAAP-A did 
not affect these organs, indicating that the effects of 

Fig. 4 Representative macroscopic photographs of male (a) and 
female (b) rat lungs after 13‑week inhalation exposure to CWAAP‑A 
(10 mg/m3, 6 h/day, 5 days/week). Expo exposure, Rec recovery, w 
week
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CWAAP-A exposure are limited to the alveolar region of 
the lungs and the mediastinal lymph nodes.

CWAAP‑A deposition in the lung
As reported previously, our modified alcian blue stain-
ing method stains CWAAPs [5]. The results of alcian 
blue staining of the lung sections from a rat sacri-
ficed immediately after the end of the exposure period 
are shown in Fig.  8. In accordance with our previ-
ous report, blue-stained structures were specifically 

observed in lesions in the alveolar region and normal 
periapical tissues only in the CWAAP-A exposed rats. 
The incidences and grading of CWAAP-A deposition 
are shown in Tables 2, 3 and 4. Immediately after the 
exposure period and after the 4 and 13 week recovery 
periods, blue particles were observed in the lungs of 
all male and female exposed groups. Notably, in the 
0.3 mg/m3 groups, after the 13 week recovery period, 
blue particles were found in only 3 of the 8 animals 
examined, indicating some clearance of CWAAP-A 

Fig. 5 Macroscopic photographs of lungs (a) and mediastinal lymph nodes (b) in CWAAP‑A‑exposed rats after fixation. a Photographs of males on 
the left and females on the right. b Photographs of males on the top and females on the bottom
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from the lungs of the rats exposed to 0.3  mg/m3 
CWAAP-A.

Currently, there is no established method to quantify 
the deposition of CWAAPs in the lung. Therefore, the 
Multiple-Path Particle Dosimetry (MPPD) model ver. 
3.04 was used to estimate local mass depositions of 
CWAAP. The results suggest a concentration-depend-
ent increase in deposition in the alveolar and airway 
regions immediately after 13  weeks of exposure, with 
a trend towards higher deposition in the upper and 
peripheral regions (Additional file 7: Table S1).

Measurement of cytological and biochemical markers, 
including fibrotic changes
In the sham air group of both sexes, normal macrophages 
with fine vacuoles were observed in the bronchoalveo-
lar lavage fluid (BALF) (Fig.  9). However, in the BALF 
of the 10  mg/m3 group a large number of neutrophils 
and enlarged macrophages phagocytosing CWAAP-A 
were observed immediately after the end of the expo-
sure period and after the 4 and 13 week recovery periods 

(Fig.  9): CWAAP-A deposits can also be seen in Fig.  9. 
Cell analysis of the BALF found that CWAAP-A expo-
sure increased total cell number in a concentration-
dependent manner, and immediately after the end of 
the exposure period this increase was significant in 
rats exposed to 1  mg/m3 and higher concentrations of 
CWAAP-A (Fig. 10a, b). Total cell numbers in the BALF 
decreased after the 4  week and 13  week recovery peri-
ods, and only the 10 mg/m3 CWAAP-A exposed groups 
had significantly increased cell numbers in the BALF 
after the 13  week recovery period. Neutrophil, alveolar 
macrophage, and lymphocyte counts in the BALF imme-
diately after the end of the exposure period and after 
the 4  week and 13  week recovery periods are shown in 
Fig.  10c–h. Neutrophils were the major contributor to 
the increase in total cell number in the BALF caused by 
CWAAP-A exposure. Notably, after the 13-week recov-
ery period, the alveolar macrophage count in males 
had returned to normal in all exposed groups, while in 
females the alveolar macrophage count was statistically 

Table 2 Incidence and integrity of the histopathological findings of the lung and mediastinal lymph nodes immediately after 90‑day 
inhalation exposure to CWAAP‑A

Values indicate number of animals bearing lesions

The value in angle bracket indicate the average of severity grade index of the lesion. The average of severity grade is calculated with a following equation

Σ(grade X number of animals with grade)/number of affected animals

Grade: 1, slight; 2, moderate; 3, marked; 4, severe. Significant difference: *, p < 0.05; **, p < 0.01; ***, p < 0.001 by Chi square test compared with each cont

Male Female

Exposure concentration (mg/m3) 0 0.3 1 3 10 0 0.3 1 3 10

No. of animals examined 8 8 8 8 8 8 8 8 8 8

Initial sacrifice (Expo. 13w)

Histopathological findings

 Mediastinal lymph node

  Lymphoid hyperplasia 0 0 1 4* 6** 0 1 1 1 4*

<1> <1> <1.3> <1> <1> <1> <1.3>

 Lung

  Deposition of test compound (AB‑positive material) 0 8*** 8*** 8*** 8*** 0 8*** 8*** 8*** 8***

<1> <1> <1> <2> <1>  < 1> <2> <2>

  Granulomatous change, alveolar 0 0 8*** 8*** 8*** 0 0 8*** 8*** 8***

<1> <1.1> <1.9> <1> <1> <1.6>

  Multifocal lesions, alveolar

   Hypertrophy/proliferation of alveolar epithelium 0 0 3 8*** 8*** 0 0 6** 8*** 8***

<1> <1.1> <2> <1> <1> <2>

   Inflammation, air space 0 0 6** 8*** 8*** 0 0 6** 8*** 8***

<1> <1.1> <2> <1> <1> <2>

   Cholesterol creft, air space 0 0 0 0 0 0 0 0 0 0

   Alveolitis 0 0 0 0 0 0 0 0 0 0

   Fibrous thickening, interstitial 0 0 0 0 0 0 0 0 0 0

  Accumulation of lipoproteinous material, air space 0 0 0 2 8*** 0 0 0 6** 8***

<1> <1.9> <1> <1.9>
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higher in the 10 mg/m3 group compared to the controls, 
suggesting a difference between males and females.

CWAAP-A exposure increased lung lesion markers in 
the BALF and plasma. In both male and female groups, 
the activities of lactate dehydrogenase (LDH), alka-
line phosphatase (ALP), and γ-glutamyl transpeptidase 
(γ-GTP) and the levels of phospholipid (PL) in the BALF 
were all increased in an exposure concentration-depend-
ent manner (Fig.  11a–h). ALP activity, γ-GTP activity, 
and PL levels had returned to normal after the 13 week 
recovery period in the male 0.3, 1, and 3  mg/m3 expo-
sure groups, and LDH activity had returned to normal in 
the 0.3 and 1 mg/m3 groups. In female rats, LDH activ-
ity, ALP activity, and PL levels had returned to normal 
after the 13 week recovery period in the 0.3, 1, and 3 mg/
m3 exposure groups, and γ-GTP activity had returned 
to normal in the 0.3 and 1 mg/m3 groups. In both males 
and females exposed to 10 mg/m3 CWAAP-A, the activi-
ties of LDH, ALP, and γ-GTP and the PL levels remained 
significantly elevated after the 13-week recovery period. 
In agreement with these lung lesion markers, the plasma 
and BALF levels of surfactant protein D (SP-D), a marker 
for interstitial pneumonia, were increased by CWAAP 
exposure in an exposure concentration-dependent 

manner (Fig. 12a–d). After the 13-week recovery period, 
SP-D levels in the BALF of both males and females had 
returned to normal in the 0.3, 1, and 3 mg/m3 exposure 
groups, and SP-D levels in the plasma had returned to 
normal in the male 0.3, 1, and 3 mg/m3 exposure groups 
and in the female 0.3 and 1 mg/m3 exposure groups. In 
both males and females exposed to 10 mg/m3 CWAAP-
A, the SP-D levels remained significantly elevated after 
the 13  week recovery period in both the BALF and 
plasma.

To quantify the fibrotic changes in the lungs, we meas-
ured the levels of transforming growth factor TGFβ1 
and TGFβ2, the major signaling molecules for fibrosis 
[14, 15], in the BALF and the levels of hydroxyproline, a 
major component of collagen fibers, in the lung. Similarly 
to the markers of lung lesions discussed above, in both 
males and females the levels of TGFβ1 and TGFβ2 in 
the BALF were increased in an exposure concentration-
dependent manner (Fig.  13a–d), and the rats recovered 
from these increases over time until TGFβ1 was sig-
nificantly increased only in the 10  mg/m3 CWAAP-A 
exposed groups after the 13  week recovery period and 
TGFβ2 was significantly increased only in the 10 mg/m3 

Fig. 6 Representative microscopic photographs of female rat lungs after inhalation exposure to CWAAP‑A (10 mg/m3). The control (0 mg/m3) and 
CWAAP‑A‑exposed lungs were stained with hematoxylin and eosin (HE), and their typical lesions are shown for each recovery period
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CWAAP-A exposed groups after the 4 week and 13 week 
recovery periods.

Increased hydroxyproline content in the lung is a result 
of the fibrotic process and consequently did not follow 
the same pattern as TGFβ1 and TGFβ2. Hydroxypro-
line content was not significantly increased immediately 
after the end of the exposure period or after the 4 week 
recovery period. Hydroxyproline content did have a ten-
dency to be increased in the higher exposure concentra-
tion groups after the 13-week recovery period and in the 
female rats exposed to 10  mg/m3 CWAAP-A hydroxy-
proline content was significantly increased (Fig. 13e, f ).

These results indicate that systemic inhalation expo-
sure to CWAAP at concentrations ranging from 0.3 to 
10 mg/m3 for 6 h per day, 5 days per week, for 13 weeks, 
resulted in toxicity in the lungs in a concentration-
dependent manner. Furthermore, in both the male and 
female 3  mg/m3 and 10  mg/m3 exposure groups, after 

the 13-week recovery period, partial progression of lung 
pathology was observed.

Effect of clodronate liposome treatment and PMN 
antibody administration on CWAAP‑induced acute injury 
in the rat lung
Similarly to our recent study [5], inhalation exposure 
to CWAAP-A caused alveolar injury with infiltration 
of inflammatory cells into the alveoli during the acute 
phase (Table  2, and Fig.  10). Therefore, we investigated 
the effect that elimination of alveolar macrophages or 
neutrophils had on CWAAP-A induced lung injury. 
Clodronate liposome and PMN-neutralizing antibod-
ies were used to deplete macrophages and neutrophils, 
respectively. The experimental protocol is shown in 
Additional file  6: Figure S6: 2  days prior to CWAAP-A 
exposure rats were treated with clodronate liposome or 
control liposome; the next day rats were treated with 

Table 3 Incidence and integrity of the histopathological findings of the lung and mediastinal lymph nodes 4 weeks after 90‑day 
inhalation exposure to CWAAP‑A

Values indicate number of animals bearing lesions

The value in angle bracket indicate the average of severity grade index of the lesion. The average of severity grade is calculated with a following equation

Σ(grade X number of animals with grade)/number of affected animals

Grade: 1, slight; 2, moderate; 3, marked; 4, severe. Significant difference: *, p < 0.05; **, p < 0.01; ***, p < 0.001 by Chi square test compared with each cont

Male Female

Exposure concentration (mg/m3) 0 0.3 1 3 10 0 0.3 1 3 10

No. of animals examined 8 8 8 8 8 8 8 8 8 8

4w recovery

Histopathological findings

 Mediastinal lymph node

  Lymphoid hyperplasia 0 0 1 1 2 0 0 0 0 1

<1> <1> <1> <1>

 Lung

  Deposition of test compound (AB‑positive material) 0 8*** 8*** 8*** 8*** 0 8*** 8*** 8*** 8***

<1> <1> <1> <2> <1> <1> <1> <2>

  Granulomatous change, alveolar 0 0 8*** 8*** 8*** 0 0 8*** 8*** 8***

<1> <1> <1.9> <1> <1> <2>

  Multifocal lesions,alveolar

   Hypertrophy/proliferation of alveolar epithelium 0 0 1 8*** 8*** 0 0 2 8*** 8***

<1> <1> <2> <1> <1> <2>

   Inflammation, air space 0 0 1 8*** 8*** 0 0 2 8*** 8***

<1> <1> <2> <1> <1> <2>

   Cholesterol creft, air space 0 0 0 0 8*** 0 0 0 2 8***

<1> <1> <1>

   Alveolitis 0 0 0 0 3 0 0 0 0 3

<1> <1>

   Fibrous thickening, interstitial 0 0 0 0 3 0 0 0 0 3

<1> <1.3>

  Accumulation of lipoproteinous material, air space 0 0 0 0 6** 0 0 0 1 8***

<1> <1> <1.1>
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PMN-neutralizing antibody or normal rabbit serum; 
rats were then exposed to 10 mg/m3 CWAAP-A for 6 h 
on days 2 and 3. The day after the final exposure, BALF 
and plasma were collected and analyzed. In rats with-
out CWAAP-A exposure, intratracheal administration 
of clodronate liposome disrupted alveolar macrophages 
and caused an increase in neutrophils in the BALF, while 
PMN antibody-treatment had little effect (Fig.  14a). In 
rats exposed to CWAAP-A, administration of clodronate 
liposome suppressed both macrophages and neutrophils 
in the BALF, while PMN antibody-treatment had less of 
an effect (Fig.  14b). Cell count analysis confirmed these 
observations (Fig.  15e, f ). Clodronate liposome treat-
ment significantly decreased the number of alveolar 
macrophages in the BALF of both unexposed rats and 
in rats exposed to CWAAP (Fig.  15e). Clodronate lipo-
some treatment also increased neutrophils in the BALF 
of unexposed rats and decreased neutrophils in the BALF 
of CWAAP-A exposed rats (Fig. 15f ).

PMN antibody administration caused a decrease in 
white blood cell count and monocyte count in the blood 
and a dramatic decrease in neutrophil count in the blood 
(Fig.  15). PMN antibody administration also caused a 
decreases in lymphocyte and eosinophil counts in the 
blood (Additional file  5: Fig. S5). These results indicate 
that treatment with PMN-neutralizing antibody was 
effective in decreasing total neutrophil count, but had lit-
tle effect on neutrophils migrating from the intravascular 
space to the alveolar air space in this experimental sys-
tem. These results also mirror the results obtained from 
the 13  week exposure to 10  mg/m3 CWAAP-A: neu-
trophils move into the alveolar air space in response to 
exposure to CWAAP-A.

Finally, to evaluate the effect of macrophage deple-
tion on CWAAP-A induced acute lung inflammation, 
plasma SP-D levels, a marker for interstitial pneumo-
nia, were measured. The results showed that CWAAP-A 
exposure induced a significant increase in plasma SP-D 

Table 4 Incidence and integrity of the histopathological findings of the lung and mediastinal lymph nodes 13 weeks after 90‑day 
inhalation exposure to CWAAP‑A

Values indicate number of animals bearing lesions

The value in angle bracket indicate the average of severity grade index of the lesion. The average of severity grade is calculated with a following equation

Σ(grade X number of animals with grade)/number of affected animals

Grade: 1, slight; 2, moderate; 3, marked; 4, severe. Significant difference: *, p < 0.05; **, p < 0.01; ***, p < 0.001 by Chi square test compared with each cont

Male Female

Exposure concentration(mg/m3) 0 0.3 1 3 10 0 0.3 1 3 10

No. of animals examined 8 8 8 8 8 8 8 8 8 8

13w recovery

Histopathological findings

 Mediastinal lymph node

  Lymphoid hyperplasia 0 0 0 0 0 0 0 0 0 0

 Lung

  Deposition of test compound (AB‑positive material) 0 3 8*** 8*** 8*** 0 3 8*** 8*** 8***

<1> <1> <1> <2> <1> <1> <1> <2>

  Granulomatous change, alveolar 0 0 8*** 8*** 8*** 0 0 8*** 8*** 8***

<1> <1> <1> <1> <1> <1.3>

  Multifocal lesion, alveolar

   Hypertrophy/proliferation of alveolar epithelium 0 0 0 6** 8*** 0 0 0 7*** 8***

<1> <1.8> <1.1> <1.8>

   Inflammation, air space 0 0 0 8*** 8*** 0 0 0 8*** 8***

<1> <1> <1.1> <1>

   Cholesterol creft, air space 0 0 0 1 8*** 0 0 0 4* 8***

<1> <1> <1> <1.1>

   Alveolitis 0 0 0 6** 8*** 0 0 0 6** 8***

<1> <2> <1.2> <1.8>

   Fibrous thickening, interstitial 0 0 0 6** 8*** 0 0 0 6** 8***

<1> <1> <1> <1.5>

  Accumulation of lipoproteinous material, air space 0 0 0 0 8*** 0 0 0 0 7***

<1> <1.4>
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Fig. 7 Double staining of rat lungs for α‑smooth muscle actin (αSMA; green), and vascular endothelial growth factor receptor 3 (VEGFR3; a 
lymphatic marker, brown in the apical membrane) with counterstaining of hematoxylin. Representative loupe photograph and their magnified 
images of extrapulmonary region, bronchovascular bundle (BVB), alveolar region and CWAAP‑A‑induced lesion are shown for each control (a), 
immediately after 13‑week exposure (b) and during the 13 week recovery period (c)
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levels and pretreatment with clodronate liposome signifi-
cantly reduced this increase (Fig. 15g). Thus, CWAAP-A 
induced pulmonary disorders in rats were attenuated by 
depletion of alveolar macrophages. In contrast, in the 
BALF, both clodronate liposome-treated rats that were 
not exposed to CWAAP-A and clodronate liposome-
treated rats that were exposed to CWAAP-A had signifi-
cantly higher LDH activity and SP-D levels compared to 
rats their respective untreated controls (Additional file 5: 
Fig. S5A and B), indicating that these markers, which are 
both elevated by CWAAP-A exposure, are also elevated 
by clodronate-induced macrophage damage.

Discussion
We have previously reported the clinical pathology 
of occupational lung diseases caused by inhalation of 
CWAAP in a chemical plant in Japan [16] and our ini-
tial study of the effects in rat of exposure to CWAAP. 
In the rat study we used two exposure methods: whole 
body exposure and intratracheal instillation: rats were 
exposed by whole body inhalation to CWAAP-A con-
centrations of 15 and 40 mg/m3 for 4 h once a week for 
2 months or once to CWAAP-A concentration of 40 and 
100 mg/m3 for 4 h, or rats were administered CWAAP-
A or CWAAP-B by intratracheal instillation at 1  mg/kg 
once every other week for 2 months [5]. We found that 
CWAAP caused alveolar lesions and that in the group 
exposed to 40  mg/m3 CWAAP-A for 2  months these 
lesions developed into alveolitis with fibrous thickening 
of the alveolar septum. Intratracheal instillation caused 
qualitatively similar pulmonary pathology as rats exposed 
to CWAAP-A by inhalation. Based on these findings, 
and to obtain additional reliable systemic toxicity data 
for occupational health and disease, the present study 

was conducted in compliance with OECD TG 413. Male 
and female rats were exposed to 0, 0.3, 1, 3 and 10 mg/m3 
CWAAP-A for 6 h per day, 5 days per week, for 13 weeks. 
Evaluation of all organs in the rats demonstrated that 
damage caused by inhalation exposure to CWAAP-A was 
limited to alveolar lesions in the lungs with no effects in 
the upper respiratory tract, including the nasal cavity and 
pharynx. Alveolar lesions developed in both sexes in a 
dose-dependent manner. Histopathological diagnosis of 
the lungs on the day after the final exposure showed that 
the alveolar lesions, which were inflammatory reactions, 
were observed in all rats exposed to 1, 3 and 10 mg/m3 
CWAAP-A. The lowest observed adverse effect concen-
tration (LOAEC) for CWAAP-A in this study was 1 mg/
m3 for both sexes, and 0.3  mg/m3 was the no observed 
adverse effect concentration (NOAEC) (Fig.  16). Fur-
thermore, based on the data obtained, benchmark doses 
(BMDs) for multifocal lesions were calculated using EPA’s 
Benchmark Dose Software (BMDS 3.2) to quantify the 
threshold for lung injury from CWAAP-A. The results 
showed that each benchmark dose lower confidence 
limit (BMDL) was approximately 0.31 mg/m3 (Additional 
file 8: Table S2). These BMDL values are in close agree-
ment with the NOAEL concluded in this study, suggest-
ing that the above pathological changes are reasonable 
for assessing dose–response relationships and thresholds 
for CWAAP-A inhalation toxicity.

This study also used recovery periods of 4 and 13 weeks 
to examine the recoverability from the histopathological 
and clinicopathological changes caused by CWAAP-A 
inhalation. We found that statistically significant changes 
in many clinicopathological parameters disappeared 
after a 4-week recovery period in the 1 mg/m3 group and 
after a 13-week recovery period in the 3  mg/m3 group 

Fig. 8 Representative images of alcian blue staining in the normal lung and the lesions of the rat lungs after inhalation exposure to CWAAP‑A 
(10 mg/m3)
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Fig. 9 Representative images of the bronchoalveolar lavage fluid (BALF) cytospin cytology. The BALF samples obtained from males (a) and females 
(b) exposed to 10 mg/m3 CWAAP‑A were stained with May‑Grunwald‑Giemsa

(See figure on next page.)
Fig. 10 Effect of inhalation exposure to CWAAP‑A on cell number in the BALF. The number of total cells (a, b), neutrophils (c, d), alveolar 
macrophages (AM) (e, f) and lymphocytes (g, h) were counted using an automated hematology analyzer, and are shown by sex (males: a, c, e and g; 
females: b, d, f and h). Statistical significance was analyzed using William’s multiple comparison test compared with age‑matched control (0 mg/m3) 
groups: *p < 0.025, **p < 0.005 and ***p < 0.0005
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Fig. 10 (See legend on previous page.)
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(Additional file 15: Extended file 5). However, the histo-
pathological parameters, such as proliferative lesions in 
alveolar epithelium and inflammatory changes in the air 
space of the alveoli, continued to be observed after the 
13-week recovery period in the 3 mg/m3 group (Table 4). 
In addition, after the 13-week recovery period, 3 mg/m3 
and 10  mg/m3 CWAAP-A exposure caused progressive 
inflammatory fibrotic lesions in the alveolar interstitium, 
indicating that the CWAAP-induced lung disorders con-
tinued to develop after the end of the 13-week recovery 
period in these experimental groups. Consequently, the 
inflammatory fibrotic lesions are considered to be toxico-
logical “point of no return” or tipping points associated 
with adverse outcomes [5, 17]. Thus, 3 mg/m3 and 10 mg/
m3 were the exposure concentrations identified in this 
study that induced irreversible and progressive lesions 
(Fig. 16).

The present study using male and female rats also pro-
vided new insight into the gender differences in toxic 
potency for CWAAP-induced lung disorders. In all 
groups exposed to CWAAP-A there was no obvious dif-
ference in the histopathological and clinicopathological 
changes immediately after the end of the exposure period 
between the sexes. However, after the 13-week recovery 
period pathological findings, such as fibrous changes and 
lipoproteinous material deposition, tended to be more 
severe in females than in males. In agreement with this, 
restoration to normal plasma SP-D levels was less in 
females than males after the 13-week recovery period. 
These results suggest that there is a gender difference in 
the recovery from the inflammation in air space and pro-
gression to inflammatory fibrotic lesions, with females 
having weaker recovery and more progressive disease 
than males (Fig. 16).

Epidemiology studies have demonstrated that organic 
dusts cause respiratory diseases, such as byssinosis 
caused by cotton dust and farmer’s lung disease, a hyper-
sensitivity pneumonitis caused by spores of hyperther-
mia actinomycetes [18–20]. In addition, there are case 
reports in which chlorides of acrylic acid, the smallest 
unit of CWAAP, and acrylic esters and derivatives, have 
caused allergic contact dermatitis, asthma, and respira-
tory hypersensitivity [21–23]. However, no epidemiologi-
cal studies have linked inhalation of organic dust to the 
development of interstitial lung disease with fibrosis. Our 

clinicopathological and rodent studies [5, 16] showed that 
none of the CWAAP-exposed lungs showed bronchitis 
with eosinophilic involvement, which are common in 
allergic diseases [24–26], and no increase in eosinophils 
was observed in the BALF or blood of CWAAP-exposed 
rats. Furthermore, in the industrial accident at the chem-
ical plant handling CWAAP, pneumoconiosis rather than 
occupational asthma was found to occur, and intersti-
tial pneumonia with fibrous thickening around the alve-
oli was observed in rodents exposed to CWAAP. These 
results indicate that inhalation exposure to CWAAP is 
a novel risk factor for causing pneumoconiosis in both 
humans and rodents.

Our recent study found that exposure to CWAAP 
resulted in enlargement of the mediastinal lymph nodes 
in rats [5]. Similarly, in the current study, CWAAP inha-
lation resulted in the dose-dependent enlargement of 
the mediastinal lymph nodes in rats. In addition, we 
previously found that whole-body inhalation expo-
sure of rodents to indium tin oxide [27–29] and multi-
walled carbon nanotube (MWCNT) [30, 31] also caused 
enlargement of mediastinal lymph nodes, as well as lung 
diseases. In clinical practice, it has been reported that 
enlarged mediastinal lymph nodes are observed second-
ary to interstitial lung diseases such as idiopathic pulmo-
nary fibrosis and pneumoconiosis [32, 33]. These data are 
in agreement with the conclusion stated above that expo-
sure to CWAAP is a risk factor for pneumoconiosis.

The number of capillary lymphatic vessels in hotspot 
areas and multifocal lesions in CWAAP-A exposed 
lungs tended to increase compared to normal alveo-
lar areas, and the collective lymphatic vessels in the 
bronchovascular bundle and hilar regions of the lung 
tended to dilate. This indicates that lymphangiogen-
esis occurred in the inflammatory lesions, and the 
increased collection of interstitial fluid due to inflam-
mation may have caused the subsequent dilation of the 
collecting lymphatics. Baluk et  al. demonstrated that 
the widespread lymphangiogenesis observed in bleo-
mycin-induced murine pulmonary fibrosis ameliorated 
pulmonary fibrosis after lung injury and inflammation 
[34]. Thus, the change in lymphatics seen in our study 
appear to have been in due to a regenerative response 
to CWAAP-A induced alveolar inflammation. In sum-
mary, lymphatic vessel changes may be a possible 

Fig. 11 Dose‑dependent induction of biochemical markers in the BALF obtained from the lungs of rats after inhalation of CWAAP‑A for 
13 weeks. Lactate dehydrogenase (LDH) activity (a, b), phospholipid (PL) concentration (c, d), alkaline phosphatase (ALP) activity (e, f), γ‑glutamyl 
transpeptidase (γ‑GTP) activity (g, h) were measured using an automatic analyzer, and are shown by sex (males: a, c, e and g; females: b, d, f and h). 
Statistical significance was analyzed using William’s multiple comparison test compared with age‑matched control (0 mg/m3) groups: *p < 0.025, 
**p < 0.005 and ***p < 0.0005

(See figure on next page.)
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Fig. 11 (See legend on previous page.)
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secondary etiology arising from lung lesions caused by 
CWAAP.

The experiment using clodronate liposomes to deplete 
macrophages demonstrated that the increased level of 
plasma SP-D resulting from CWAAP-A exposure was 
suppressed by decreasing alveolar macrophages prior 
to CWAAP-A inhalation. Plasma SP-D level is a marker 
of various lung diseases including interstitial pneumo-
nia: disease induced modifications of SP-D facilitate its 
leakage from the lung [35]. Thus, the findings that mac-
rophage depletion decreased the leakage of SP-D out 
of the lung and into the plasma of CWAAP-A exposed 
rats indicate that alveolar macrophages contribute to 
CWAAP-A induced acute lung injury.

Clodronate liposome pretreatment increased neu-
trophils in the BALF of unexposed rats, as has been 
observed previously [36]. This effect may be due to the 
migration of neutrophils from the extrapulmonary space 

into the alveolar air space or an increase in the number 
of neutrophils in the lung, in response to the cell death 
of clodronate liposome-phagocytic macrophages. In 
addition, noninflammatory phagocytosis by alveolar 
macrophages of foreign bodies that are inspired dur-
ing normal respiration cloaks them from resident neu-
trophils preventing superfluous neutrophil recruitment 
into the healthy lung [37]. A decrease in phagocytosis of 
these normally inspired foreign bodies by macrophages 
increases neutrophil interaction with these foreign bod-
ies resulting in increased recruitment of neutrophils into 
the lung.

In contrast to untreated normal lungs, in CWAAP-
A exposed lungs, clodronate liposome pretreatment 
resulted in a moderate but significant reduction of the 
increase in neutrophil count in the BALF caused by 
CWAAP-A exposure. Cytokine-induced neutrophil 
chemoattractant-1 (CINC-1) in rats is a key neutrophil 

Fig. 12 Level of surfactant protein‑D (SP‑D) in the BALF and plasma of rats after inhalation exposure to CWAAP‑A for 13 weeks. SP‑D level in the 
BALF (a, b) and plasma (c, d) were measured by an enzyme immunoassay and are shown by sex (males: a and c; females: b and d). Statistical 
significance was analyzed using William’s multiple comparison test compared with age‑matched control (0 mg/m3) groups: *p < 0.025, **p < 0.005 
and ***p < 0.0005
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Fig. 13 Induction of transforming growth factor (TGF) β and hydroxyproline, a major component of collagen fibers, in the lungs of rats exposed 
to CWAAP‑A by inhalation for 13 weeks. The concentrations of TGFβ1 and TGFβ2 in the BALF were measured by enzyme immunoassay, and 
represented in panels a and c for males and in panels b and d for females. Hydroxyproline content in the lungs of males (e) and females (f) was 
determined using a commercially available colorimetric kit. William’s multiple comparison test compared with age‑matched control (0 mg/m3) 
groups: *p < 0.025, **p < 0.005 and ***p < 0.0005
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Fig. 14 The effect of pretreatment of the CWAAP‑A‑exposed rats with clodronate liposomes (to deplete macrophages) or polymorphonuclear 
leukocytes (PMN)‑neutralizing antibodies (to deplete neutrophils) on BALF cells. Male rats were given a single intratracheal dose of clodronate 
liposomes (1 ml/kg), or a single intravenous injection of PMN antibodies (0.5 ml/kg). They were then exposed to 10 mg/m3 of CWAAP‑A for 6 h and 
sacrificed the next day for analysis. The results of BALF cytospin cytology without and with CWAAP‑A exposure are shown in A and B, respectively
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chemoattractant [38]. Previous reports have shown that 
in a rat lung injury induced by lipopolysaccharide (LPS) 
and characterized by neutrophil infiltration, alveolar 
macrophages responded to LPS and produced CINC-1 

within 6  h after administration of LPS [39–41]. These 
reports are consistent with our results that macrophage 
depletion attenuated increased neutrophil numbers in 
the lung. Using a rat intratracheal administration model 

Fig. 15 Effect of pretreatment with clodronate liposome and PMN‑neutralizing antibody on the pulmonary acute toxicity of CWAAP‑A. Male rats 
were given a single intratracheal dose of clodronate liposomes (1 ml/kg), or a single intravenous injection of PMN antibodies (0.5 ml/kg). They were 
then exposed to 10 mg/m3 of CWAAP‑A for 6 h, and their plasma and BALF were collected the next day. The number of white blood cells (WBC) 
(a), monocytes (b) and neutrophils (c) in plasma, and the number of total cells (d), alveolar macrophage (AM) (e) and neutrophils (f) in the BALF 
were measured by an automated hematology analyzer. The plasma concentration of SP‑D was determined by an enzyme immunoassay (g). Tukey’s 
multiple comparison test: *p < 0.05, **p < 0.01, and ***p < 0.001, pairs indicated
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of CWAAP exposure, Nishida et al. showed that CWAAP 
treatment caused a sustained increase in not only 
CINC-1 but also CINC-2 and C-X-C motif chemokine 
5 (CXCL5) in the BALF, and an increase in neutrophils 

in the BALF [3]. Thus, even though clodronate-mediated 
macrophage cell death results in increased recruitment of 
neutrophils into the untreated lung, the overall effect of 
a reduction of macrophage released neutrophil attractant 

Fig. 16 Graphical abstract for this study
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cytokines in the CWAAP treated lung reduces neutro-
phil recruitment into the lung in response to CWAAP 
exposure.

PMN antibody pretreatment dramatically reduced the 
number of neutrophils found in the blood. However, the 
decrease in neutrophils in the BALF while significant was 
moderate. PMN antibody and clodronate liposome pre-
treated rats had similar numbers of neutrophils in the 
BALF; however, in contrast to clodronate liposome pre-
treated rats, PMN pretreatment did not reduce the lev-
els of SP-D in the plasma, but rather the levels of SP-D 
in the plasma of PMN antibody treated rats exposed to 
CWAAP-A were increased. This suggests that while 
it is likely that neutrophils in the lung contributed to 
CWAAP-A induced acute injury, other macrophage asso-
ciated factors also contributed to lung injury.

It is notable that while PMN antibody pretreatment 
reduced the number of neutrophils in the blood by 
more than 90%, there was no significant reduction of 
neutrophils in the lungs of unexposed rats and only a 
mild decrease in neutrophils in the lungs of CWAAP-A 
exposed rats. Since PMN antibodies administered intra-
venously are mostly present in the blood, they are not 
easily accessible in the alveolar air spaces, and the alve-
olar spaces are considered to be a "safe haven" for neu-
trophils. Therefore, once the neutrophils escape into the 
alveolar air space, they will escape from cell death. This 
suggests that the increase in neutrophil counts in the 
CWAAP-A exposed lung in rats pretreated with PMN 
antibodies depend more on proliferation of tissue resi-
dent neutrophils in the lung [42] that successfully escaped 
from PMN antibodies than on infiltration of neutrophils 
from outside the lung. To define the role of neutrophils 
in CWAAP-A induced acute lung damage more defini-
tively, future studies will need to be carried out, including 
improved neutrophil removal. A recent study reports the 
development of a double antibody-based depletion strat-
egy [43], and this can be tested in future work.

Conclusions
Inhalation exposure to CWAAP-A had harmful effects 
only in the alveoli. In this study, the LOAEC for pulmo-
nary disorders in male and female F344 rats was 1 mg/m3 
and the NOAEC was 0.3 mg/m3. In addition, rats of both 
sexes were able to recover from the tissue damage caused 
by 13 weeks exposure to 1 mg/m3 CWAAP-A, however, 
tissue damage caused by exposure to 3 and 10  mg/m3 
was irreversible due to the development of interstitial 
lung lesions. There was a gender difference in the recov-
ery of lung lesions, with females showing less recovery 
than males. Comparison of CWAAP-A, MWCNT-7, and 
titanium dioxide revealed that LDH activity in rat BALF 
after inhalation exposure to CWAAP-A (this study) was 

higher than that of MWCNT-7 and titanium dioxide 
[30, 44] (Additional file  9: Table  S3). These results sug-
gest that inhalation of CWAAP-A may be more harm-
ful than inhalation of MWCNT-7 or titanium dioxide: 
both MWCNT-7 and titanium dioxide are classified 
as group 2B carcinogens by IARC. Finally, acute lung 
lesions caused by CWAAP-A exposure were significantly 
reduced by depletion of macrophages in the lungs.

Methods
Materials
CWAAP was purchased from a company which produces 
acrylic acid polymers. This product is the same as the one 
we used in our previous study (defined as CWAAP-A) 
[5]. A list of all primary antibodies used in these studies 
is summarized in Additional file 10: Table S4. The donkey 
anti-mouse IgG conjugated Alexa Fluor 594 (ab150112), 
anti-goat IgG conjugated Alexa Fluor 594 (ab150136), 
anti-rabbit IgG conjugated Alexa Fluor 594 (ab150064) 
and goat anti-chicken IgY conjugated Alexa Fluor 488 
(ab150169) were purchased from Abcam (Cambridge, 
UK). The VECTASHIELD Mounting Medium with DAPI 
(H-1200) was purchased from Vector laboratories (Burl-
ingame, CA). The other reagents were of the highest 
grade commercially available.

Animals
Male and female F344 rats at 6–7  weeks old were pur-
chased from Charles River Laboratories Japan, Inc. 
(Yokohama, Japan). The rats were housed in an air-con-
ditioned room under a 12 h light/12 h dark (8:00–20:00, 
light cycle) photoperiod, and fed a general diet (CRF-1, 
Oriental Yeast Co. Ltd., Tokyo, Japan) and tap water 
ad libitum. After approximately 1–2 weeks of quarantine 
and acclimation, they were exposed to CWAAP-A. All 
animal experiments were approved by the Animal Exper-
iment Committee of the Japan Bioassay Research Center.

Experimental design
In the primary experiment, rats were exposed to 
CWAAP-A aerosols at 0.3, 1, 3 and 10  mg/m3 for 6  h 
per day, 5  days per week, for 13  weeks. Histopatho-
logical analysis of the tissues and biochemical analysis 
of lung tissue, BALF, and plasma was carried out to 
assess the pulmonary toxicity of CWAAP. In a separate 
set of experiments, the contribution of alveolar mac-
rophage or neutrophil depletion to the initial inflam-
mation caused by CWAAP-A inhalation was examined. 
Alveolar macrophages and neutrophils were depleted 
using intratracheal instillation of clodronate liposome 
and intravenous injection of PMN-neutralizing anti-
body and the rats were exposed to CWAAP aerosols at 
10 mg/m3 for 6 h per day, for 2 days. Histopathological 
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analysis of the tissues and biochemical analysis of lung 
tissue, BALF, and plasma was carried out to assess pul-
monary toxicity.

Generation of CWAAP‑A aerosol
The generation of CWAAP-A aerosol into the inhala-
tion chamber was performed using our established 
method (cyclone sieve method) [31, 45] with some 
modifications to optimize it for CWAAP-A aero-
sol generation. Briefly, CWAAP-A was fed into a dust 
feeder (DF-3, Shibata Scientific Technology, Ltd., 
Soka, Japan) to generate CWAAP-A aerosol, and then 
introduced into a particle generator (custom-made by 
Seishin Enterprise Co., Ltd., Saitama, Japan) to separate 
the aerosol and feed it into the inhalation chamber. The 
concentration of the CWAAP-A aerosol in the cham-
ber was measured and monitored by an optical parti-
cle controller (OPC; OPC-AP-600, Shibata Scientific 
Technology), and the operation of the dust feeder was 
adjusted by feedback control based on upper and lower 
limit signals to maintain a steady state.

The gravimetric mass concentration of CWAAP aer-
osol in the chamber was measured every two weeks 
during the exposure period. Aerosols collected on a 
fluoropolymer binder glass fiber filter (TX40HI20-
WW, φ55 mm, Tokyo Dylec, Corp., Tokyo, Japan) 
were weighed for each target concentration at 1, 3, 
and 5 h after the start of the exposure. Using the mass 
per particle (K-value) calculated using the measured 
mass results (mg/m3) and the particle concentration 
data (particles/m3) obtained from the OPC, the parti-
cle concentration for each group during the exposure 
period was converted to a mass concentration (shown 
as calibrated mass concentration in Table  1). The par-
ticle size distribution and morphology of the CWAAP 
particles were measured at the first, sixth, and last week 
of exposure. Particle size distribution was measured 
using a micro-orifice uniform deposit cascade impac-
tor (MOUDI-II, MSP Corp., Shoreview, MN). The 
MMAD and GSD were calculated by cumulative fre-
quency distribution graphs with logarithmic probabil-
ity (Additional file 1: Fig. S1C and Table 1). CWAAP-A 
particles in the inhalation chamber were collected on 
a 0.2 μm polycarbonate filter (φ47 mm, Whatman plc, 
Little Chalfont, UK), and observed using SEM (SU8000, 
Hitachi High-Tech, Tokyo, Japan).

13‑week inhalation study
This experiment was conducted with reference to the 
OECD Guideline for Testing of Chemicals (TG 413) [6]. 
The sodium salt of cross-linked acrylic acid polymers has 
been reported to cause collagen deposition in the lungs 

after inhalation of 10  mg/m3 for 13  weeks [46]. Also, 
at the site where the incident occurred, the 8  h-Time-
Weighted-Average for personal exposure concentrations 
of inhalable CWAAP dust was 0.4–7.6 mg/m3 [16]. Based 
on these reports and the OECD TG 413, target concen-
trations for CWAAP aerosols were set at 0.3, 1, 3 and 
10  mg/m3, and the exposure schedule was 6  h per day, 
5 days per week, for 13 weeks (Additional file 6: Fig. S6A). 
Rats were divided into 5 exposure groups of 48 rats (24 
males and 24 females) in each group, and 8 males and 8 
females of each group were euthanized at 1  h, 4  weeks, 
and 13  weeks after the last exposure. Rats were trans-
ferred to individual stainless steel cages and exposed to 0, 
0.3, 1, 3, or 10 mg/m3 CWAAP-A for 6 h without food or 
water. All inhalation chambers were maintained at an air 
exchange rate of 7–9 times/h, a temperature of 21–25 °C, 
and a humidity of 30–70% during the study period (see 
Table  1). After exposure, the rats were returned to the 
stainless steel bedding cages and kept in groups with free 
access to food and water. During the study period, body 
weight and food consumption of the rats were measured 
once a week. At 1 h, 4 weeks, and 13 weeks after the last 
exposure (defined by initial sacrifice, 4w recovery and 
13w recovery, respectively), the blood of the rats was col-
lected under isoflurane anesthesia and rats were eutha-
nized by exsanguination. BALF was collected from four 
males and four females in each group as described below. 
The lungs from which BALF was not collected were used 
for hydroxyproline assay. For histopathological analysis, 
all tissues were collected from the remaining four males 
and four females in each group, and fixed in 10% neutral 
phosphate buffered formalin solution.

Macrophage or neutrophil depletion
To investigate the contribution of alveolar macrophage 
or neutrophil depletion to the initial inflammation 
caused by CWAAP-A inhalation, we examined whether 
prior depletion of alveolar macrophages or neutro-
phils can suppress the CWAAP-induced lung inflam-
mation. Alveolar macrophages and neutrophils were 
depleted using intratracheal instillation of clodronate 
liposome [8] and intravenous injection of PMN-neu-
tralizing antibody [9], respectively. First, we examined 
the duration of the effect of these two reagents. The 
results showed that clodronate liposomes dramatically 
reduced alveolar macrophages for 2 days, but the mac-
rophage count returned to normal after 4  days. After 
intravenous injection of PMN-neutralizing antibody a 
dramatic reduction of neutrophils in the alveolar zone 
was observed after 1  day, but not after 3  days. Based 
on these results, we set pretreatment with clodronate 
liposomes for 2 days prior to CWAAP-A exposure and 
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pretreatment with PMN-neutralizing antibodies for 
1  day prior to CWAAP-A exposure. The number of 
exposures to CWAAP-A after pretreatment with clo-
dronate liposomes and PMN-neutralizing antibod-
ies was set at two, as there was concern that a single 
inhalation of CWAAP at 10  mg/m3 would cause only 
weak lung damage. Male F344 rats (8 weeks old) were 
divided into 6 groups of 4 rats each. Rats (8 weeks old) 
were administered a single intratracheal dose of clo-
dronate liposome or control liposome (LIPOSOMA, 
Inc., Amsterdam, The Netherlands) at a dose of 1  ml/
kg. The next day, PMN-neutralizing antibody (Accu-
rate Chemical & Scientific Corp., Carle Place, NY) or 
normal rabbit serum (Cedarlane Laboratories, Inc., 
Burlington, Canada) was administered intravenously 
at a dose of 0.5 ml/kg (Additional file 6: Fig. S6B). The 
PMN antibody and normal rabbit serum were diluted 
in PBS and administered at a volume of 2.5  ml per kg 
of body weight to give doses of 0.5 mg/kg. The day after 
administration of PMN antibody, inhalation exposure 
to 10  mg/m3 CWAAP-A was begun. Rats were placed 
in the inhalation chamber and exposed to CWAAP at a 
concentration of 10 mg/m3 for 6 h/day for 2 days. The 
day after the last exposure, animals were euthanized by 
exsanguination under isoflurane anesthesia, and BALF 
was collected for analyses (see below for details).

BALF collection and analysis
For the 13-week inhalation study, the right bronchus was 
tied with a thread, and the left lung was lavaged. 4–7 ml of 
saline was injected into the lung through the trachea, in 
and out twice, and collected as BALF. In the macrophage 
or neutrophil depletion experiment, 6.2 ml of saline was 
injected into all lungs through the trachea, in and out 
twice, and collected as BALF. The total cell numbers in 
the BALF were counted using an automatic cell ana-
lyzer (Sysmex Corp., Automated Hematology Analyzer, 
XN-2000  V). Thin-layer cell populations on glass slides 
were prepared using Cytospin 4 (Thermo Fisher Scientific, 
Inc., Waltham, MA). After May-Grunwald-Giemsa stain-
ing, differential white blood cell count was conducted by 
visual observation. BALF was centrifuged at 1960  rpm 
(800×g) for 10 min at 4 °C, and the activity of LDH, ALP 
and γ-GTP and the phospholipid level in the supernatant 
was measured using an automatic analyzer (Hitachi 7080, 
Hitachi, High-Tech Corp., Tokyo, Japan).

Hematological and blood chemistry tests
For hematological examination, blood samples were 
analyzed with an automated hematology analyzer (Sys-
mex). For biochemical tests, the blood was centrifuged 
at 3000  rpm (2110×g) for 20  min, and the supernatant 

was analyzed with an automated analyzer (Hitachi 
High-Tech).

Enzyme immunoassay
SP-D concentrations in BALF supernatants and plasma 
were determined using Rat/Mouse SP-D kit YAMASA 
EIA (YAMASA Corp., Choshi, Japan). In this assay, the 
BALF was diluted 500- or 1000-fold, and plasma was 
diluted 25-fold with the assay diluent included in the kit. 
BALF concentrations of TGFβ1 and TGFβ2 were meas-
ured by Human/Mouse/Rat/Porcine/Canine TGF-beta 
1 Quantikine ELISA Kit (R&D Systems) and Mouse/
Rat/Canine/Porcine TGF-beta 2 Quantikine ELISA Kit 
(R&D Systems). For the TGFβ2 assay, BALF was diluted 
threefold with the sample diluent included in the kit. The 
absorbance at 450 nm was measured using a microplate 
reader (Spark®; Tecan Group, Ltd., Männedorf, Swit-
zerland or SpectraMax; Molecular Devices, LLC., San 
Jose, CA). For TGFβ1 and TGFβ2 assays, the absorbance 
at 570 nm was also measured and subtracted as a back-
ground signal.

Hydroxyproline assay
The lung content of hydroxyproline, a major component 
of collagen fibers, was determined using a hydroxyproline 
assay kit (Perchlorate-Free) (BioVision, Inc., San Fran-
cisco, CA). Small pieces of lung (approximately 30  mg) 
were homogenized in 10 volumes of distilled water using 
a portable power homogenizer (ASONE Corp., Osaka, 
Japan). The resulting homogenates were mixed with an 
equal volume of 10  M NaOH, and incubated at 120  °C 
for 1 h. After neutralization by addition of 10 M HCl, the 
mixture was centrifuged at 10,000×g for 5 min. 10 μl of 
the supernatant was transferred to a 96-well plate and 
dried at 65  °C in a hybridization incubator (TAITEC, 
Corp., Koshigaya, Japan). The hydroxyproline signal 
(absorbance at 560 nm) was measured using a microplate 
reader (Spark®; Tecan Group, Ltd., Männedorf, Switzer-
land or SpectraMax; Molecular Devices, LLC., San Jose, 
CA) according to the kit instructions.

Histopathological analysis
Serial tissue sections were cut from paraffin-embedded 
lung specimens, and the first Section (2-μm thick) was 
stained with H&E for histological examination and the 
remaining sections were used for immunohistochem-
cal analysis. The histopathological findings for lung and 
mediastinal lymph node in this study were determined 
after multifaceted discussions between certified patholo-
gists from the Japanese Society of Toxicologic Pathol-
ogy and certified medical pathologists from the Japanese 
Society of Pathology, based on the definitions of terms 
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adopted by International Harmonization of Nomencla-
ture and Diagnostic Criteria for Lesions in Rats and Mice 
(INHAND) [47]. Pathological diagnosis was performed 
blindly by three pathologists and summarized as a result 
of the discussion. Each preneoplastic lesion was evalu-
ated for its severity and scored on a scale of “slight” to 
“severe” with reference to the criteria by Shackelford 
et al. [48].

Alcian blue staining
Details of the method have been described previously [5]. 
Briefly, after deparaffinization and rinsing, the slides were 
incubated in 0.1  M HCl solution for 3  min. Then, they 
were incubated in alcian blue staining solution (alcian 
blue 8GX, C.I.74240, Merck-Millipore, Burlington, MA) 
for 10  min at room temperature. The slides were then 
lightly passed through 0.1  N HCl solution and washed 
under running water, followed by contrast staining with 
Kernechtrot (NUCLEAR FAST RED, C.I.60760, Merck-
Millipore) for 5  min. After rinsing, the samples were 
dehydrated, permeabilized, and sealed.

Immunohistological multiple staining analyses
Details of the multiple staining method have been 
described previously [5]. Briefly, lung tissue sections 
were deparaffinized with xylene and hydrated through a 
graded ethanol series. For immunohistochemical stain-
ing, sections were incubated with 0.3% hydrogen perox-
ide for 10  min to block endogenous peroxidase activity, 
then incubated with 10% normal serum at room temper-
ature (RT) for 10 min to block background staining, and 
then incubated for 2 h at RT with the primary antibod-
ies (VEGFR3 or GFP). After washing with PBS, the sec-
tions were incubated with histofine simple stain kit Rat 
MAX-PO(G) (414331F, Nichirei, Tokyo, Japan) or goat 
anti-chicken IgY conjugated biotin (ab6876, abcam plc, 
Cambridge, UK) for 30  min at RT. After further wash-
ing with PBS, sections were incubated with DAB EqV 
Peroxidase Substrate Kit, ImmPACT (SK-4103, Vector 
laboratories) for 2–5 min at RT for colorization. Impor-
tantly, after washing with  dH2O after color detection, 
the sections were treated with citrate buffer at 98 °C for 
30  min before reacting with the next primary antibody 
to denature the antibodies bound on the sections used. 
The second antibody was then reacted in the same way as 
for the initial staining procedure. Histogreen chromogen 
(AYS-E109, Cosmo Bio, Tokyo, Japan) was used for the 
second coloration, followed by hematoxylin staining for 
30–45 s as a contrast stain. The sections were dehydrated 
and sealed. For immunofluorescence staining, all primary 
antibodies used were made into a cocktail for the stain-
ing step and used simultaneously. The sections were then 
incubated with secondary antibodies conjugated with 

Alexa Fluor 594. Sections were then thoroughly washed 
and incubated with secondary antibody conjugated with 
Alexa Fluor 488. After the fluorescence-labeled second-
ary antibody reactions, the sections were shielded with 
DAPI-containing encapsulant and used for imaging. The 
sections were observed under an optical microscope 
ECLIPSE Ni (Nikon Corp., Tokyo, Japan) or BZ-X810 
(Keyence, Osaka, Japan).

Statistical analysis
Except in the case of incidence and integrity of histo-
pathological lesions, the data comparisons among mul-
tiple groups were performed by one-way analysis of 
variance with a post-hoc test of William’s test or Tukey’s 
multiple comparison test using Pharmaco Basic Ver. 
16.1 (Scientist Co., Tokyo, Japan) or GraphPad Prism 5 
(GraphPad Software, San Diego, CA), respectively. The 
incidences and integrity of lesions were analyzed by chi-
square test using GraphPad Prism 5 (GraphPad Soft-
ware, San Diego, CA). Statistical significance was set at 
p < 0.025 for William’s test and p < 0.05 in the other cases.
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(B), cumulative frequency distribution graphs with logarithmic probability 
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Additional file 2: Fig. S2. Representative macroscopic photographs of 
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Additional file 3: Fig. S3. Visualization of normal lymphatic vessels in 
the rat lung using Prospero homeobox protein‑1 (Prox1)‑enhanced green 
fluorescent protein (EGFP) transgenic rats [13]. (A) Lung sections from 
Prox1‑EGFP transgenic rats were double‑stained with GFP and α‑smooth 
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Lung sections from Prox1‑EGFP transgenic rats were stained with three 
commercially available lymphatic markers, VEGFR3, lymphatic vessel 
endothelial hyaluronan receptor 1 (Lyve‑1), and podoplanin (RT1‑40), with 
co‑staining of GFP and 4’,6‑diamidino‑2‑phenylindole (DAPI; a nucleus 
marker). Only VEGFR3 co‑localized almost completely with GFP in the rat 
lungs, including in the peripheral regions. Br Bronchus and Vn Venule.

Additional file 5: Fig. S5. The effect of pretreatment of the CWAAP‑A‑
exposed rats with clodronate liposomes (to deplete macrophages) or 
polymorphonuclear leukocytes (PMN)‑neutralizing antibodies (to deplete 
neutrophils) on BALF markers and cell populations. The lactate dehydro‑
genase (LDH) activity (A) and surfactant protein‑D (SP‑D) in the BALF B, 
and the number of lymphocytes (C), eosinophils (D) and basophils € in 
the plasma are shown. Tukey’s multiple comparison test: *p < 0.05, **p < 
0.01, and ***p < 0.001, pairs indicated.

Additional file 6: Fig. S6. Design of animal experimental protocols in this 
research. 13‑week inhalation exposure study (A), and macrophages or 
neutrophils depletion study (B).
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lungs after 13‑week inhalation exposure.
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Additional file 9: Table S3. The summary of the effect of inhalation 
exposure to CWAAP‑A, multi‑walled carbon nanotube (MWCNT)‑7, and 
titanium dioxide (TiO2) on LDH activity. NP nanoparticles.

Additional file 10: Table S4. List of primary antibodies used in this study.

Additional file 11: Extended file 1. Blood‑hematologic data observed in 
the 13‑week inhalation exposure study.

Additional file 12: Extended file 2. Blood‑biochemistry data observed in 
the 13‑week inhalation exposure study.
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