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1. ABSTRACT

2. INTRODUCTION

Idiopathic interstitial pneumonia (IIP) is a
progressive fibrosing interstitial pneumonia of unknown
etiology with a poor prognosis. The aim of this study is to
prove the occurrence of particle deposition and particleinduced tissue damage in IIP by examining proapoptotic
Fas expression with in-air microparticle induced X-ray
emission (in-air micro-PIXE) analysis. A total of 21
patients were enrolled. Lung tissues from 12 IIP patients
and nontumorous lung tissues from 9 lung cancer patients
(as a control) were subjected to in-air micro-PIXE analysis.
The distribution of particles in lung tissue was compared
with the localization of Fas expression by
immunohistochemistry. Silicon (Si) was identified in
58.3% of IIP samples and 44.4% of control samples. Iron
(Fe) was identified 25% in IIP samples and 11.1% in
control samples. The mean lung tissue content of Si and Fe
relative to S did not differ between IIP and control patients.
Only two IIP patients showed the co-localization of Si and
Fe deposition with Fas expression. Adaptation of this
method would contribute to assess the influence of particles
on IIP

Idiopathic interstitial fibrosis (IIP) is a
heterogeneous disease complex of unknown etiology.
Interstitial pneumonia occurs in patients with pathological
classification of usual interstitial pneumonia (UIP) in
idiopathic pulmonary fibrosis (IPF) or fibrotic-non specific
interstitial pneumonia (f-NSIP), so that a differential
diagnosis needs to be made from other interstitial
pneumonias caused by collagen vascular diseases,
asbestosis, or hypersensitivity pneumonitis.
Many
hypotheses have been discussed with regard to the
pathogenesis of IIP, and occupational and environmental
factors are thought to act as triggers or risk factors for this
condition (1). In a previous study of surgical lung biopsy
specimens from 1,311 IPF autopsy cases, the rate of IPF
was more than two-fold higher in persons exposed to dust
or organic matter than in persons who had other
occupations. In that study, examination of surgical lung
biopsy specimens from 86 living subjects showed that
metal workers and miners had a significantly higher risk of
IPF (2). In a questionnaire survey about environmental
exposure and IPF, metal dust exposure (among
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occupational agents) and cigarette smoking (20.0 to 39.9
pack-years) were particularly associated with a higher risk
of IPF (3). Meta-analysis of studies about the etiology of
IPF
has
shown
that
exposure
to
smoking,
agriculture/farming, livestock, wood dust, and stone/sand is
significantly associated with IPF (4). Thus, occupational
and environmental factors are regarded as increasing the
susceptibility to IPF, but there are limitations to the data
obtained by questionnaire surveys. For example, it is
difficult to ask about different kinds of particles and
patients might also be unaware of exposure. To prove
exposure to particles objectively, electron microscopy with
X-ray diffraction analysis (EDXA) or X-ray diffraction
spectroscopy (EDXS) have been used to detect particles in
IPF lung tissue (5, 6). EDXA and EDXS are analytical
methods for specific X-ray yielded by irradiation of
electron beam. Investigation of 24 IPF lung tissues
specimens by EDXA revealed that 18 samples contained
inorganic material that was considered incidental, and two
contained asbestos fibers (5). An investigation of hilar
lymph nodes from IPF by EDXS showed that silicon (Si)
and aluminum (Al) concentrations were high, indicating
that high Si and Al concentrations may be a risk factor for
the pathogenesis of IPF (6).
These methods have
demonstrated the existence of tissue particles objectively.

important to show that the agent induces tissue damage.
Thus, a method is needed to demonstrate that particles are
deposited and that tissue damage is caused by particle
deposition. Although the existence of inhaled particles in
IPF has been investigated by irradiation of lung tissue
samples, there have been no studies about deposited
particles and co-localization of protein expression in IIP
lung tissues. Accordingly, the purpose of this study was to
prove the relationship between deposited particles in IIP
and lung tissue damage via Fas expression by employing
in-air micro-PIXE analysis and immunohistochemistry.
3. METHODS
3.1. Patients and sample preparation
The diagnosis of IIP was made according to the
American Thoracic Society/European Respiratory Society
(ATS/ERS) International Multidisciplinary Consensus
Classification of the Idiopathic Interstitial Pneumonias
(18). A total twelve IIP patients (8 men and 4 women)
were enrolled. Of these 12 patients, 11 patients underwent
video-assisted thoracoscopic surgery (VATS), and one
(patient number F12) was an autopsy case (Table 1). The
diagnosis was usual interstitial pneumonia (UIP) in 9
patients (7 men and 2 women) and f-NSIP in 3 patients (2
men and 1 woman). As a control group 9 lung cancer
patients (7 men and 2 women) were enrolled, and the
nontumorous tissue from surgical specimens was subjected
to in-air micro-PIXE analysis. For micro-PIXE analysis,
paraffin-embedded lung tissue specimens were cut into
sections 5 micro-m thick. Each section was dried, placed
onto 10 micro-m Mylar film made from polyethylene
terephthalate, and fixed in the sample holder. Then in-air
micro-PIXE analysis was performed as described
previously (12). This study was .conducted according to
the guidelines of the Declaration of Helsinki, and it was
approved by the Human Research Committee of Gunma
University.

2.1. in-air micro-PIXE analysis system
In-air microparticle induced X-ray emission
(in-air micro-PIXE) analysis is a method for elemental
analysis of materials by irradiation with a proton
microbeam. An accelerated 3.0 MeV proton beam is
employed, and characteristic X-ray lines from irradiated
samples are specific for various elements (7). Based on the
lines obtained and their intensity, an in-air micro-PIXE
system can visualize the spatial distribution of particles
without microscopy and can determine the content of a
very small quantity of target elements at a resolution of 1
µm with very low background noise compared to electron
beam methods (8, 9). Therefore, micro-PIXE analysis has
been adopted to detect the intercellular and intracellular
distribution of boron and gadolinium (10) or to assess the
changes of elements in the testis after cadmium exposure
(11). With regard to occupational lung disease, the
distribution and content of asbestos in the lungs were
determined by micro-PIXE (12). One of the mechanisms
of lung damage in IIP is apoptosis of cells, while the
mechanism of damage in occupational lung disease also
involves induction of apoptosis by inhaled agents (13, 14).
Fas ligand (FasL) is a cell surface protein belonging to the
tumor necrosis factor (TNF) family that binds to the Fas
receptor (15). The Fas-FasL pathway is upregulated in IIP,
and is essential for the occurrence of fibrosis via apoptosis
(16, 17).

3.2. In-air micro-PIXE system
A 3.0 MeV proton beam was accelerated, and
then was extracted as a microbeam for micro-PIXE analysis
of the characteristic X-ray lines of various elements. The
X-ray lines displayed the net counts for various elements
(log scale), such as Si and iron (Fe) as well as 40 other
elements, and could be used to calculate the content of each
element. The microbeam was focused on an area of four
areas of 490 micro-m × 490 micro-m and the 980 micro-m
× 980 micro-m image was made in each sample study.
Two-dimensional analysis was used to identify the
distribution and quantities of particles in that area of lung
tissue, and four areas were examined in each sample. The
in-air micro-PIXE system was located at the TIARA
facility of the Japan Atomic Energy Agency (JAEA).

Currently, there is no established clinical method for
assessment of the relationship between deposited particles
and lung tissue damage in IIP. Such a method would be
useful to assess the tissue damage caused by exposure to
particles, and may help to prevent the progression of IIP.
Inhalation or absorption of particles is not necessarily
associated with the development of disease. To prove a
relationship between exogenous agents and disease, it is

3.3. Immunohistochemistry
Lung tissue specimens were stained by anti-Fas
antibody (Vision Bio, Benton Lane, UK). The specimens
were incubated in 80% methanol/0.6% H2O2 water for 15
min, incubated in 3% H2O2 water for 15 min, and
subsequently incubated with anti-Fas antibody (diluted
×40) for 30 min. To develop color, ENVISION HRP+
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Table 1. Characteristics of the study population
Patient number
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11
F12
C1
C2
C3
C4
C5
C6
C7
C8
C9

Age
41
59
63
63
52
63
58
35
48
40
52
80
68
70
66
58
69
70
56
72
60

Sex
f
m
m
f
f
m
m
m
m
m
f
f
m
m
m
f
f
m
m
m
m

Smoking (pack-years)
0
30
43
n
n
n
40
15
14
20
n
n
40
9
n
n
n
20
7.5
30
5

Work
nursing
service
timber
clerk
housewife
service
painter
dealer of medicine
clerk
clerk
barber
housewife
clerk
clerk
clerk
housewife
general store sales
farmer
service
farmer
noodle restaurant

Pathological diagnosis
UIP
UIP
f-NSIP
UIP
f-NSIP
UIP
UIP
UIP
UIP
UIP
f-NSIP
UIP
large cell
adeno
adeno
adeno
adeno
adeno
squamous
adeno
adeno

Distinct detected particles
Si, Al
Si
Si, Fe, Mo
Si, Fe, Mg, Al, Cu

Si
Si, Fe

Si

Si, Fe
Si
Si

Si

F1 to F12 the idiopathic interstitial pneumonia (IIP) patients. patients C1 to C9 are from the control group. Tissue diagnosis
indicates the histological diagnosis of usual interstitial pneumonia (UIP), fibrotic-nonspecific interstitial pneumonia (f-NSIP),
large cell carcinoma (large cell), adenocarcinoma (adeno), or squamous cell carcinoma (squamous).
(DAKO, Glostrup, Denmark), a horseradish peroxidaselabeled antibody, was used as the secondary antibody.
Sections were examined under a BX50F4 microscope
(Olympus, Tokyo, Japan), and the localization of the
immunostained cells was compared with that of particles
identified by in-air micro-PIXE analysis.

not homogenous, sulfur (S) was used to represent the total
tissue background (19). Based on the normalized X-ray
data for background lung tissue, the ratio of m (the target
element) to mS (m/ms) was calculated.
3.5. Statistical analysis
Data are presented as the mean ± S.D.
Differences of age and cigarette smoking between the IIP
and non-IIP groups were assessed by Student’s t-test.
Differences of the mSi/mS and mFe/mS ratios between IIP
and control patients were calculated by one-way ANOVA,
followed by Bonferroni’s comparison. Statistical analysis
was performed with GraphPad Prism software and
statistical significance was accepted at *P<0.05.

3.4. Calculation of the content of elements
Calculation of the content of each element was
performed as described previously (12). The relation
between the net counts for elements A and B was
determined as follows:

4. RESULTS
4.1. Detection of particles
The IIP group and the control group showed no
differences of age (54.5 ± 12.5 vs 62.6 ± 5.5, mean ± S.D.)
and cigarette smoking (13.5 ± 16.5 vs 12.4 ± 14.5 packyears, mean ± S.D.). Lung tissue was analyzed in 12 IIP
patients (patients F1 to F12) and 9 control patients (patients
C1 to C9), as shown in Table 1. By two-dimensional
analysis, Si was identified in 7 out of 12 patients (F1, F2,
F3 F4, F7, F8, and F11) and 4 out of 9 controls (C2, C6,
C7, and C9), while Fe was identified in 3 IIP patients (F3,
F4, and F8) and 1 control. In patient F3, molybdenum
(Mo) was detected in addition to Si, while patient F4 had
magnesium (Mg), aluminum (Al), and copper (Cu) in
addition to Si and Fe. In-air micro-PIXE analysis revealed
Si in 7 out of 12 samples (58.3%) from IIP patients and 4
out of 9 samples (44.4%) from controls. Fe was detected in
3 out of 12 IIP samples (25%) versus only 1 out of 9

where Y is the net count, M is the atomic weight of the
element (amu), m is the quantity of the element in grams
(g), eff is the detection efficiency for the element, and
sigma is the cross-sectional area of the specific X-ray peak
for the element obtained with 10 micro-m Mylar film
(barns). From the above formula, the quantities of element
A and element B are compared as follows:

Detection efficiency was determined when using
10 micro-m Mylar film, and the other elemental parameters
(M, eff, and sigma) were as follows in this study. (a) The
value of M was 32.065, 28.0855, and 55.845 for S, Si and
Fe, respectively, while the value of eff was 0.181, 0.079,
and 0.885, and the value of sigma was 827.927, 1012.85,
and 151.7. Since the background lung tissue content was
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Figure 1. Representative X-ray lines obtained by microbeam analysis of lung tissue. Each spectrum line indicates the following:
IIP with prominent Si and Fe deposits in patient F3 (A). IIP with little Si and Fe in patient F4 (B). IIP with little Si and Fe in
patient F8 (C). A control subject (C2) with little Si and Fe (D). The peaks on the spectra display the strengths of characteristic
X-ray signatures for each element, as shown by the net counts (log scale).
control samples (11.1%). In the X-ray spectrum
from patient F3, the peak of Fe was higher than in other IIP
patients, or controls (Figure 1). In patients F3 and F4, Fe
was detected prominently. In all samples, the net counts of
Si and Fe could be measured, but the particles identified
from two-dimensional analysis were only observed in
patients F1, F2, F3 F4, F7, F8, F11, C2, C4, C6 and C8 by
in-air micro-PIXE.

but tiny Fe deposition was detected in a part of Fas
expression area in patient C2 (Figure 6).
5. DISCUSSION
In the present study, in-air micro-PIXE analysis
showed that the mean content of Si and Fe (relative to S) in
lung tissue did not differ between IIP patients and non-IIP
controls, with Si and Fe being detected frequently in both
groups. Si was found in 7/12 IIP lungs and Fe was found in
3/12 IIP lungs by two-dimensional analysis. However only
two patients showed apparently co-localization of Si and Fe
deposits with Fas expression in lung tissue in IIP. In these
patients, in air micro-PIXE was useful to demonstrate
particle-induced tissue damage when combined with
immunohistochemistry for Fas expression.

4.2. Quantitative analysis of Si and Fe and the colocalization of particles with Fas expressions
Quantitative analysis of Si and Fe (relative to S)
showed that the mean content of Si (1.20 ± 0.30) in IIP
lungs was not significantly different from that in control
lungs (1.13 ± 0.19). The content of Fe (0.027 ± 0.044) in
IIP lungs was also not statistically different from that in
control lungs (0.015 ± 0.0055), as shown in Figure 2. In
IIP patients F3 and F4, Fe was markedly higher than the
mean value for the IIP group. Immunohistochemistry
revealed Fas expression by bronchial epithelial cells and
interstitial lymphocytes on all IIP patients, but only two
patients (F3, F4) showed co-localization of Si or Fe
particles with Fas expression (Figure 3, 4). Especially in
patient F3, there was co-localization of both Si and Fe with
Fas expression. Some patients showed Fas expression by
bronchial epithelial cells without co-localization of Si or Fe
(F1, F2, F7, F8, and F11). Figure 5 displays an example of
this pattern from patient F8. Other patients showed Fas
expression alone (F5, F6, F9, F10, and F12) without
deposition of Si or Fe. Two controls (C2 and C6) showed
Fas expression by alveolar and bronchial epithelial cells,

5.1. Si and Fe were detected both in IIP and non-IIP
lung tisuues
In a study of IIP lung tissue by X-ray diffraction
analysis, Monsó reported that Si was detected 60% of IIP
lungs and 68% of control lungs, while Fe was detected in
16% and 32%, respectively (5). In the present study
employing in-air micro-PIXE analysis, Si was detected in
58.3% of IIP lungs and 44.4% of control lungs, while Fe
was detected in 25% and 11.1%, respectively. From
previous studies and our data, the detection of Si did not
differ much between IIP and non-IIP patients (5). It is
known that Si can be found in normal lungs, but it still
needs to be determined whether these particles do not affect
lung tissue or whether low-grade tissue damage occurs in
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Figure 2. Quantitative elemental analysis of lung tissue by in-air micro-PIXE. The quantitative (m) ratio of Si to S (background
content in lung tissue) (A) or Fe to S (B) is compared between IIP and non-IIP subjects. Each ratio was calculated as explained
in the Methods section. A 980 micro-m × 980 micro-m area of lung tissue was examined as the region of interest. Data are
presented as the mean ± S.D. for mSi/mS and mFe/mS. There were no differences between the IIP and control groups.

Figure 3. Immunohistochemical analysis of Fas expression and in-air micro-PIXE analysis in IIP patient F3 whose lung
specimen shows high levels of Si and Fe with co-localization of Fas expression. H-E staining (A). Immunohistochemistry for
Fas expression (B). In-air micro-PIXE analysis of S (C), Si (D), and Fe (E). Merged image of maps for each element (F). H-E
staining shows interstitial fibrosis with infiltration of lymphocytes, indicating a diagnosis of f-NSIP (a). Immunohistochemistry
shows Fas expression by brown stained interstitial lymphocytes (B). (A) and (B) ×100. In-air micro-PIXE analysis of the same
area of the lung (C, D, E, F). The content of S (C), Si (D), and Fe (E) is shown by color coding from white (high) to red (middle)
and blue (low). Superimposition of S, Si, and Fe maps shows the merged pattern of each element (F): S (red), Si (blue), and Fe
(green). Magnification of the areas of white square in panel (B) and (F) are shown in panel (G) and (H) × 400. It is confirmed
that particles of Si and Fe exist at the site of Fas expression.
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Figure 4. Immunohistochemical analysis of Fas expression and in-air micro-PIXE analysis of a lung specimen from IIP patient F4 with
low levels of Si and Fe co-localized to Fas expression. H-E staining (A). Immunohistochemistry for Fas expression (B). In-air microPIXE analysis of S (C), Si (D), and Fe (E). Merged image of maps for each element (F). H-E staining shows interstitial fibrosis with
infiltration of lymphocytes, indicating UIP (A). Immunohistochemistry shows Fas expression by brown stained interstitial lymphocytes
(B). (A) and (B) ×100. In-air micro-PIXE analysis of the same area of the lung (C, D, E, F). The content of S (C), Si (D), and Fe (E) is
shown by color coding from white (high) to red (middle) and blue (low). Superimposition of S, Si, and Fe maps shows the merged
pattern of each element (F): S (red), Si (blue), and Fe (green). Magnification of the areas of white square in panel (B) and (F) are shown
in panel (G) and (H) × 400. The findings confirm that few Si and Fe particles exist at the site of Fas expression.

Figure 5. Immunohistochemical analysis of Fas expression and in-air micro-PIXE analysis of a lung specimen from IIP patient
F8 with low levels of Si and Fe showing no co-localization to Fas expression. H-E staining (A). Immunohistochemistry for Fas
expression (B). In-air micro-PIXE analysis of S (C), Si (D), Fe (E). Merged image of maps for each element (F). H-E staining
shows dense interstitial fibrosis with infiltration of lymphocytes, indicating UIP (A). Immunohistochemistry shows Fas
expression by brown stained epithelial cells (B). (A) and (B) ×100. In-air micro-PIXE analysis of the same area of the lung (C,
D, E, F). The content of S (C), Si (D), and Fe (E) is shown by color coding from white (high) to red (middle) and blue (low).
Superimposition of S, Si and Fe maps shows the merged pattern of each element. Arrows indicate the sites of particles
deposition (F), and each element is indicated by a different color: S (red), Si (blue), and Fe (green). Magnification of the areas of
white square in panel (B) and (F) are shown in panel (G) and (H) × 400. The findings confirm that Si and Fe particles were not
co-localized with Fas expression.
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Figure 6. Immunohistochemical analysis of Fas expression and in-air micro-PIXE analysis of a lung specimen from control
patient C2 with low levels of Si and Fe detected in a part of Fas expression area. H-E staining (A). Immunohistochemistry for
Fas expression (B). In-air micro-PIXE analysis of S (C), Si (D), Fe (E). Merged image of maps for each element (F). H-E
staining shows lymphocyte infiltration in the alveolar septae and a peripheral bronchus (A). Immunohistochemistry shows Fas
expression by brown stained lymphocytes in the alveolar septa and epithelial cells (B). (A) and (B) ×100. In-air micro-PIXE
analysis of the same area of lung (C, D, E, F). The content of S (C), Si (D), and Fe (E) is shown by color coding from white
(high) to red (middle) and blue (low). In (C), the intensity of the image has been increased so that the particles can be visualized.
Note that the net count of the control lung is lower than that of other lung tissues indicated on the log scale. Superimposition of
S, Si, and Fe maps shows the merged pattern of each element (F): S (red), Si (blue), and Fe (green). Magnification of the areas of
white square in panel (B) and (F) are shown in panel (G) and (H) × 400. The findings confirm that only a few Fe particles are
detected in a part of Fas expression area.
normal lungs (20, 21). After assessment of particles in
pulmonary lymph nodes from IPF patients by X-ray
diffraction analysis, Kitamura reported that the content of
Si and Al (relative to S) was higher in IPF patients than
non-IPF subjects, but the relative Fe content to S was not
different. The present study showed that the content of Si
and Fe (relative to S) was not different between IIP and
non-IIP lung tissues. Transportation of inhaled dust from
the alveoli to regional lymph nodes by macrophages has
been reported, so that the pulmonary hilar lymph nodes
may better reflect the accumulation of inorganic particles
compared with lung tissue (22). This might explain the
different Si content of lymph node and lung tissue in the
present study (6).

determined in this case. The risk of exposure to Si and Fe
among timber workers has not been mentioned by previous
reports to our knowledge. Since the present study only
included 1 timber worker among 12 IIP patients (8%), we
could not statistically assess the significance of being a
timber worker as a risk for IPF. Smoking is also a risk
factor for IPF (3). In the present study, the level of
smoking and the age did not differ significantly between
the IIP and non-IIP groups. Both patient F8 and patient C2
were smokers, so it is possible that smoking affects Fas
expression. However, there were other smokers in the IIP
and non-IIP groups whose lung tissues did not show colocalization of inhaled particles with Fas expression. It is
well known that apoptosis occurs in IPF, and Fas
expression may be involved in the development of IIP even
if the patient has no exposure to particles (17).

5.2. Co-localization of particle depositions and Fas
expressions in lung of IIP patients
Only two (F3, F4) of our IIP patients showed an
association of Si and Fe deposition with Fas expression.
One patient was a timber worker and exposure to wood
dust was reported as a strong risk factor for IPF (23, 24).
Miyake found that the frequency of wood dust exposure
among IPF patients was 4.9% by a questionnaire survey
(3). Whether wood dust contains Si and Fe or whether
there was another reason for exposure could not be

5.3. Fe deposition in lung tissue
In the present study, patients F3 and F4 had
higher levels of Fe compared with the other IIP patients.
Iron (Fe) induces apoptosis. A questionnaire surveys have
shown that metal dust (which is considered to include Fe) is
an environmental risk factor for IPF (13, 23). Buerke also
showed that welding fumes (containing Fe) were a risk
factor of IPF by EDXA analysis (25). Asbestos bodies
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have a high content of Fe, and we have found the colocalization of asbestos bodies and Fas expression in
asbestosis patients (26). Patients F3 and F4 in the present
series had no occupational exposure to asbestos based on
their job history, and asbestos bodies could not be detected
in bronchoalveolar lavage fluid or by tissue examination.
Since iron plays a role in tissue damage via apoptosis, the
high Fe content may possibly have promoted tissue
damage.

environmental factors and idiopathic pulmonary fibrosis in
Japan. Ann OccuP Hyg 49, 259-265 (2005)
4. VSTaskar, DB Coultas: Is idiopathic pulmonary fibrosis an
environmental disease? Proc Am Thorac Soc 3, 293-298
(2006)
5. E Monsó, J.M. Tura, J Pujadas, F Morell, J Ruiz, J Morera:
Lung dust content in idiopathic pulmonary fibrosis: a study
with scanning electron microscopy and energy dispersive x-ray
analysis. Br J Ind Med 48, 327-331(1991)

5.4. Limitations of this study
Liimitations of this study was a smaller patient
population compared with previous studies using X-ray
diffraction or questionnaire surveys, which meant that we
could not statistically assess the risk of IIP in relation to Si
and Fe deposition combined with Fas expression (5, 6).
The Fas-FasL pathway plays an important role in the
pathogenesis of IIP, but other molecules also participate in
apoptosis. Furthermore, the role of genetic background in
hyperreactivity to ROS was unknown (27, 28). Further
analyses would be useful to determine the etiology of IIP.
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Finally, we showed how in-air micro-PIXE
analysis can be combined with immunohistochemical
examination in IIP patients. IIP is a heterogeneous group
of pulmonary diseases that feature fibrosis and the etiology
has not been determined. Screening by the present method
may contribute to assess the influence of particles on
idiopathic interstitial pneumonia and to obtain the
information for prevention of further progression of disease
due to particle exposure.
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