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Interstitial pneumonia (IP) is characterized by various degrees of pulmonary fibrosis and inflammation.
Estrogens have been demonstrated to play important roles in physiological and pathological conditions
of human lung, but significance of estrogens has remained unknown in human IP. Therefore, we
measured estrogen concentrations and immunolocalized aromatase and estrogen receptor b (ERb) in IP
tissues. Estradiol concentration was significantly (2.8-fold) higher in IP than normal lung tissues, and aro-
matase activity evaluated by estradiol/testosterone ratio was also significantly (7.2-fold) elevated in IP
tissues. Aromatase immunoreactivity in alveolar epithelial cells was significantly frequent in IP than nor-
mal lung or inflammatory lung disease other than IP, and it was positively associated with ERb immuno-
reactivity in these cells of IP. These results suggest that estradiol concentration is locally increased in
human IP tissue by aromatase, and increased estrogens may play an important role in the development
of IP through ERb in the alveolar epithelial cells.

� 2014 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Interstitial lung disease, or diffuse parenchymal lung disease, is
a heterogeneous group of a pulmonary disorder which shares sim-
ilar clinical, radiological or pathological features with miscella-
neous etiologies, such as drug toxicity, collagen vascular diseases,
occupational/environmental exposures and other unknown causes
(American Thoracic Society and European Respiratory Society,
2001; King, 2005; Ryu et al., 2007). A great majority of interstitial
lung disease is associated with some features of interstitial pneu-
monia (IP), which is characterized by various degrees of pulmonary
fibrosis and inflammation (American Thoracic Society and
European Respiratory Society, 2001; King, 2005; Ryu et al., 2007).
The mechanisms of pulmonary fibrosis have been gradually clari-
fied in recent years (Selman and Pardo, 2006; Willis et al., 2006;
Strieter and Mehrad, 2009), but several subtypes of IP, including
the idiopathic pulmonary fibrosis, are still associated with poor
clinical outcome and high mortality rate despite the advent of ther-
apy (Raghu et al., 2011). Therefore, it has become very important to
examine the details of biological features of IP and to develop the
targeted therapies aimed at the specific factors involved in its bio-
logical behaviors.

Estrogens have been recently demonstrated to be involved in
various physiological and/or pathological functions in many
human organs other than their classical target tissues, through
binding to estrogen receptor (ER) (Gustafsson, 1999; Morani
et al., 2008; Carey et al., 2007). ER consists of ERa and ERb in
human. Human lung tissue expresses both ERa and ERb and show
biological responses to estrogen (Stabile et al., 2002), and its pre-
dominant subtype is considered ERb (Couse et al., 1997; Taylor
and Al-Azzawi, 2000; Omoto et al., 2001). Estrogens have been also
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Fig. 1. Tissue concentrations of estrone (A), estradiol (B), testosterone (C) and estradiol/testosterone ratio (D) in each specimens of IP using LC–MS/MS analysis. Data are
represented as box and whisker plots. The median value was represented by a horizontal line in the box pot, and gray box denoted the 75th (upper margin) and 25th
percentiles of the values (lower margin), respectively. The upper and lower bars indicated the 90th and 10th percentiles, respectively. The statistical analysis was performed
using a Wilcoxon test. P-value less than 0.05 was considered significant, and described as boldface. N: normal lung tissue with no significant pathological abnormalities, and
IP: interstitial pneumonia.
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well demonstrated to be locally produced from circulating inactive
steroids by aromatase, a rate limiting key enzyme in estrogen bio-
synthesis converting androgens to estrogens. Increased local estro-
gen actions through aromatase and ER are closely associated with a
variety of pathological conditions, such as breast carcinoma (Miki
et al., 2007), hepatocellular carcinoma (Castagnetta et al., 2003;
Vizoso et al., 2007), atherosclerosis (Murakami et al., 2001;
Nakamura et al., 2003), diabetic nephropathy (Prabhu et al.,
2010), Alzheimer disease (Ishunina et al., 2007), rheumatoid arthri-
tis (Ishizuka et al., 2004; Schmidt et al., 2005), and skin wound
healing (Ashcroft et al., 1999; Mills et al., 2005; Gilliver et al.,
2007; Merlo et al., 2008).

Estrogens have been demonstrated to influence pulmonary
development and physiology (Carey et al., 2007), and ERb contrib-
utes to the maintenance of normal lung tissue functions (Patrone
et al., 2003). In addition, biologically active estrogen, estradiol, sig-
nificantly increased cell proliferation of ERb-positive lung carci-
noma cells, and tissue concentrations of estradiol were also
reported to be elevated in lung carcinoma tissues (Niikawa et al.,
2008). The intratumoral estradiol concentration of lung carcinoma
was reported to be positively associated with intratumoral aroma-
tase expression (Niikawa et al., 2008), and aromatase immunoreac-
tivity was associated with worse prognosis in women with lung
carcinoma (Mah et al., 2007). Therefore, estrogens and/or aroma-
tase become possible new therapeutic targets of human lung can-
cer patients. Also, expression of other sex hormone progesterone
receptor (PR) has been reported in lung carcinoma (Ishibashi
et al., 2005).

Effects of sex steroids upon IP have been examined mostly in
rodent models of the disease (Gharaee-Kermani et al., 2005;
Voltz et al., 2008; Brass et al., 2010), and profibrotic effects of
estrogens were clearly demonstrated in these models (Gharaee-
Kermani et al., 2005). However, to the best of our knowledge,
estrogen concentration and aromatase expression have not been
previously reported in actual human IP tissues, and therefore sig-
nificance of estrogens remains largely unknown in human IP.
Therefore, in this study, we examined the concentration of sex ste-
roids and immunoreactivity of aromatase and ERb in human IP tis-
sues, and compared the results with those in non-pathological lung
tissue in order to evaluate a possible involvement of estrogenic
actions and in situ production of estrogens in human IP.
2. Materials and methods

2.1. Patients and tissues

Snap-frozen specimens of 5 IP lesions of the human lung were
retrieved from autopsy files at Tohoku University Hospital, Sendai,
Japan, to measure tissue concentrations of sex hormones. These
samples were obtained from five men who died of IP [median
age 76 (range 61–80) yrs]. As for the controls, we also used 13
snap-frozen specimens of non-pathologic male lung tissue which
were obtained from 10 patients [median age 67 (range
45–82) yrs] who underwent lung lobectomy due to primary lung
carcinoma in the Department of Thoracic Surgery, Tohoku Univer-
sity Hospital and 3 autopsy cases at Tohoku University Hospital,
Sendai, Japan. Their age and cause of death were as follows:
65 yrs (pancreatic cancer), 67 yrs (cardiac failure) and 87 yrs
(prostatic cancer).



A 

C 

E 

B 

D 

F 

Fig. 2. Aromatase immunolocalization in IP cases. Aromatase immunoreactivity was negative in AEC (A) and positive in BEC (B) in normal human lung. Aromatase
immunoreactivity was detected both in AEC (C) and BEC (D) of IP tissue. Aromatase immunoreactivity was negative in AEC (E) and positive in BEC (F) in other inflammatory
lung diseases. Arrows showed aromatase-positive epithelium. Bar = 50 lm, respectively.

Table 1
Immunoreactivity for aromatase in lung epithelial cells.

Cell
types

Immunoreactivity N IP ID P-value

(n = 21) (n = 33) (n = 23) N vs IP IP vs ID

AEC + 0 (0%) 22
(67%)

1 (4%)

� 21
(100%)

11
(33%)

22
(96%)

<0.0001 <0.0001

BEC + 19
(90%)

27
(82%)

21
(92%)

� 2 (10%) 6 (18%) 2 (8%) 0.38 0.29

Data are presented as the number of cases and percentage in each group. P-values
were evaluated by a cross-table using the chi-square test between N and IP and
between IP and ID. P-values < 0.05 were considered significant, and are shown in
bold. N, normal lung; IP, interstitial pneumonia; ID, other inflammatory diseases;
AEC, alveolar epithelial cell; BEC, bronchiolar epithelial cell.
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Another set of lung tissue specimens was obtained by partial
lung resection (n = 77) at Tohoku University Hospital, Sendai,
Japan, from 2003 to 2013, to perform immunohistochemical eval-
uation. Among these cases, 33 cases were derived from the patients
with IP [22 men and 11 women, median age 63 (range 24–81) yrs].
They were histopathlogically classified as follows: usual interstitial
pneumonia (UIP) pattern (n = 21), nonspecific interstitial pneumo-
nia (NSIP) pattern (n = 5) and organizing pneumonia (OP) pattern
(n = 7). Twenty-three cases [17 men and 6 women, median age
61 (range 19–80) yrs] were derived from inflammatory lung dis-
eases other than IP, such as infectious diseases (n = 10) [i.e., histo-
logically consistent with granulomatous inflammation (n = 9),
bronchopneumonia (n = 1)] and nonspecific chronic bronchiolitis
(n = 13). Other twenty-one cases [13 men and 8 women, median
age 57 (range 18–67) yrs] were pulmonary tissues associated with
no significant histological abnormalities obtained from the
patients undergoing partial lung resection for localized primary
lung carcinoma (n = 4), metastatic lung tumor (n = 10), bulla
(n = 6), and lung tissue adjacent to an intrapulmonary lymph node
(n = 1). All the specimens had been fixed with 10% formalin at
room temperature and embedded in paraffin wax.

In this study, the degree of fibrosis was also histologically clas-
sified into two groups based on the modified method of Ashcroft
et al. (1988). Ashcroft grades 4 and 5 were categorized as mild,
while the grades 6 and 7 as moderate to severe. No IP cases corre-
sponded to Aschcroft grades 0–3 in our present study. The degree
of inflammation was classified into two groups according to the
report of Fulmer et al. (1979).

Research protocols for this study were approved by the Ethics
Committee at Tohoku University School of Medicine (2009–204).



Fig. 3. ERb immunoreactivity in IP cases. ERb immunoreactivity was positive both in AEC (A) and BEC (B) of normal human lung, IP (C and D, respectively) and ID (E and F,
respectively) tissues. Bar = 20 lm, respectively.
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2.2. Liquid chromatography/electrospray tandem mass spectrometry
(LC–MS/MS)

Tissue concentrations of estrone, estradiol and testosterone
were measured by LC–MS/MS analysis, in ASKA Pharma Medical
(Kawasaki, Japan), as described previously (Miki et al., 2007;
Suzuki et al., 2007; Niikawa et al., 2008). Briefly, lung tissue spec-
imens were homogenized in 1 ml of distilled water. After addition
of 100 pg of estrone–13C4 and estradiol–13C4 (Hayashi Pure Chem-
ical Industries, Osaka, Japan), and testosterone–2H3 (CDN Isotope
Inc., Quebec, Canada) as internal standards, steroids were extracted
with diethyl ether from the homogenate. In this study, we used
liquid chromatography (Agilent 1100; Agilent Technologies, Wald-
bronn, Germany) coupled with an API 4000 triple-stage quadru-
pole mass spectrometer (Applied Biosystems, Ontario, Canada)
operated with electron spray ionization in the positive-ion mode,
and the chromatographic separation was performed on Cadenza
CD-C18 columns (Imtakt, Kyoto, Japan).

2.3. Immunohistochemistry

Immunohistochemistry was performed by labeled streptavidin
biotin method using a Histofine kit (Nichirei, Tokyo, Japan).
Primary antibodies used in this study were mouse monoclonal
antibodies against aromatase (clone #677/H7) (Niikawa et al.,
2008; Abe et al., 2010), ERa (clone 6F11; Leica Biosystems, St Louis,
Mo, USA), ERb (clone 14C8; GeneTex Inc., San Antonio, TX, USA)
and PR (clone 1A6; Abcam, Cambridge, UK). Antigen retrieval
was performed by autoclaving the slides in citrate buffer
(0.01 mol/L) at 121 �C for 5 min. These slides were then immersed
in 3,30-diaminobenzidine solution in order to visualize antigen–
antibody complexes. As for the positive controls of immunostain-
ing, we used tissues of human placenta for aromatase and prostatic
carcinoma specimens for ERb (Abe et al., 2010). As for the negative
control of immunostaining, normal mouse IgG was used instead of
the primary antibodies in this study.

The immunoreactivity was independently evaluated by 3
different pathologists (S.T., K.A., and F.F.) who were blinded to
the clinicopathological findings of the cases. When there was a dis-
agreement among the observers, immunoreactivity was reassessed
through multi-headed light microscopy.

2.4. Statistical analysis

Statistical analyses were performed by Wilcoxon test and
Pearson chi-square test using JMP Pro version 9.02 (SAS Institute
Inc., Cary, NC, USA). P-value less than 0.05 was considered to be
significant.



Table 2
ERb immunoreactivity in lung epithelilal cells.

Cell types Immunoreactivity N IP ID P-value

(n = 21) (n = 33) (n = 23) N vs IP IP vs ID

AEC + 16 (76%) 30 (91%) 15 (65%)
� 5 (24%) 3 (9%) 8 (35%) 0.14 0.022

BEC + 20 (95%) 31 (94%) 18 (78%)
� 1 (5%) 2 (6%) 5 (21%) 0.84 0.093

Data are presented as the number of cases and percentage in each group. P-values were evaluated by a cross-table using the chi-square test between N and IP and between IP
and ID. P-values < 0.05 were considered significant, and are shown in bold. N, normal lung; IP, interstitial pneumonia; ID, other inflammatory diseases; AEC, alveolar epithelial
cell; BEC, bronchiolar epithelial cell.
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Fig. 4. ERa and PR immunolocalization in lung tissues. ERa immunoreactivity was
detected in AEC (A) (arrows) and BEC (B) of IP tissue, and PR was positive in AEC (C)
of ID case. Bar = 20 lm, respectively.
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3. Results

3.1. Concentrations of sex steroids in IP tissues

We first examined tissue concentrations of sex steroids in IP
and normal lung tissues using LC–MS/MS. The median (mini-
mum–maximum) value of estrone was 225 (12–934) pg/g in IP,
and was not significantly different (P = 0.73) from that in normal
lung tissues examined [340 (97–1,994) pg/g] (Fig. 1A). However,
the tissue estradiol concentration was significantly higher
(P = 0.033 and 2.8-fold) in IP [79 (51–741) pg/g] than that in the
normal lung [28 (4–368) pg/g] (Fig. 1B). The testosterone level in
IP tissue was significantly lower (P = 0.0026 and 0.12-fold) in IP
[115 (71–433) pg/g] than that in the normal lung [943 (246–
1,974) pg/g] (Fig. 1C). The corresponding estradiol/testosterone
ratio in each specimen was significantly higher (P = 0.0036 and
7.2-fold) in IP than normal lung tissues (Fig. 1D).
3.2. Immunolocalization of aromatase and ERb in IP

We then immunolocalized aromatase and ERb in normal lung,
IP, and inflammatory lung disease other than IP. Aromatase immu-
noreactivity was negative in alveolar epithelial cells (AEC) of nor-
mal lung (Fig. 2A), while weakly positive in the bronchiolar
epithelial cells (BEC) (Fig. 2B). Aromatase immunoreactivity was,
however, frequently detected both in AEC (Fig. 2C) and BEC
(Fig. 2D) in IP tissues. In other inflammatory lung disease, aroma-
tase immunoreactivity was negligible in AEC (Fig. 2E), although
weakly positive in BEC (Fig. 2F). An association of aromatase
immunoreactivity between normal lung and IP or between IP and
other inflammatory disease was summarized in Table 1. Aromatase
immunoreactivity was significantly more frequent in IP than nor-
mal lung or other inflammatory disease in AEC (P < 0.0001, respec-
tively), but not in BEC.

ERb immunoreactivity was frequently detected both in AEC and
BEC of the normal lung (Fig. 3A and B), IP (Fig. 3C, 3D) and other
inflammatory disease (Fig. 3E and F). As summarized in Table 2,
ERb immunoreactivity in AEC of IP was significantly higher
(P = 0.022) than that of the other inflammatory disease. ERb immu-
noreactivity in BEC of IP was not significantly different from that of
normal lung (P = 0.84) or other inflammatory disease (P = 0.093) in
this study.

The anti-ERb antibody used in this study (clone 14C8) recog-
nizes N-terminus of ERb which is conserved in ERb isoforms 1, 2
and 5 (Skliris et al., 2008). When we tested other anti-ERb antibody
available for paraffin-embedded tissues (clone PPG5/10; AbD Sero-
tec, Oxford, UK) which recognizes C-terminus of ERb and detects
ERb1 isoform (Skliris et al., 2002; Skliris et al., 2008), similar immu-
nolocalization was detected in the normal lung, IP and ID tissues
(Supplementary Fig. S1A–F).

On the other hand, ERa immunoreactivity was positive only in
one IP tissue (both AEC (Fig. 4A) and BEC (Fig. 4B)), and PR was
immunolocalized only in one ID case (AEC (Fig. 4C)) among the
77 cases examined.
3.3. Aromatase in IP

As summarized in Table 3, aromatase immunoreactivity in AEC
was significantly higher (P = 0.021) in UIP pattern, and positively
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associated with degree of fibrosis (P = 0.021), ERb immunoreactiv-
ity in AEC (P = 0.010) and ERb immunoreactivity in BEC (P = 0.039)
in IP cases. The status of aromatase immunoreactivity was not sig-
nificantly associated with other clinicopathological parameters,
such as patients’ age, sex or degree of inflammation. Aromatase
immunoreactivity in BEC was not significantly associated with
any clinicopathological parameters examined.

4. Discussion

This is the first study to demonstrate tissue concentrations of
sex steroids in human IP tissues, to the best of our knowledge. In
this study, estradiol level was significantly higher (2.8-fold) in IP
than in normal lung tissues (Fig. 1B), and estradiol/testosterone
ratio in each specimen, which is considered to be correlated with
aromatase activity (Cakan et al., 2009), was also significantly
higher (7.2-fold) in IP than in normal lung (Fig. 1D). Significantly
higher estrogen concentration in the tissues associated with
increased aromatase expression has been reported in pathological
conditions of some organs, such as the breast, liver, joint and skin.
As for pulmonary disease, Niikawa et al. (2008) reported that intra-
tumoral estradiol concentration was significantly higher in the
lung carcinoma than in corresponding non-neoplastic lung tissues,
and the estradiol concentration in the lung carcinoma was closely
associated with intratumoral aromatase expression. Therefore,
estradiol level is considered to be locally elevated in human IP tis-
sues by aromatase.

In our present study, aromatase immunoreactivity in AEC was
frequently (P < 0.0001) detected in IP, whereas negative in the nor-
mal lung tissue. Previous studies demonstrated the relatively low
levels of aromatase mRNA (Demura et al., 2011) and enzymatic
activity (Weinberg et al., 2005) in normal lung tissues, and aroma-
tase was also reported to be immunolocalized in the BEC but not in
AEC (Mah et al., 2007; Mah et al., 2011), which is consistent with
Table 3
Aromatase immunoreactivity in interstitial pneumonia (n = 33).

Parameters AEC

+ �
(n = 22) (n = 11)

Age
>60 13 (39%) 6 (18%)
560 9 (27%) 5 (15%)

Sex
Male 13 (39%) 9 (27%)
Female 9 (27%) 2 (6%)

Histological feature
UIP pattern 17 (52%) 4 (12%)
Others 5 (15%) 7 (21%)

Degree of fibrosis*

Mild 5 (15%) 7 (21%)
Moderate to severe 17 (52%) 4 (12%)

Degree of inflammation**

Minimal to mild 3 (9%) 4 (12%)
Moderate to severe 19 (58%) 7 (21%)

ERb immunoreactivity in AEC
Positive 22 (67%) 8 (24%)
Negative 0 (0%) 3 (9%)

ERb immunoreactivity in BEC
Positive 22 (67%) 9 (27%)
Negative 0 (0%) 2 (6%)

Data are presented as the number of cases and percentage in each group. P-values were e
significant, and are shown in bold. AEC, alveolar epithelial cell; BEC, bronchiolar epithel
* Degree of fibrosis was classified into two groups based on the modified method of Asch
grade 6 and 7 cases as moderate to severe. In this study, no IP cases corresponded to A
** Degree of fibrosis was classified into two groups based on the method of Fulmer et a
results of our present study. In addition, aromatase immunoreac-
tivity in AEC was negligible in inflammatory lung disease other
than IP as shown in Table 1. Therefore, markedly increased aroma-
tase in AEC of IP could be considered to result in increased local
estradiol concentration of the IP lung tissues.

ERb has been reported as the predominant subtype of ER in
human lung, and to be detected in both AEC and BEC (Couse
et al., 1997; Taylor and Al-Azzawi, 2000; Omoto et al., 2001).
Results of our present study demonstrated that ERb immunoreac-
tivity was detected both in AEC and BEC of the normal lung, IP
and other inflammatory disease. In addition, ERb immunoreactivity
was more frequently detected in IP than in normal lung or other
inflammatory disease (Table 2), and both ERb and aromatase
immunoreactivity was significantly associated in AEC of IP tissues
(Table 3). Highly concordant co-expression of aromatase and ERb
was also reported in human lung carcinoma (Abe et al., 2010).
These results suggest that estrogen action is mainly mediated in
AEC through aromatase and ERb in human IP tissues. However,
number of IP cases negative for ERb immunoreactivity in AEC
was very limited (n = 3) in this study, further examination with a
larger sample set is needed to confirm the co-expression of aroma-
tase and ERb in AEC of IP tissues.

Clinical and biological significance of estrogen actions has lar-
gely remained unclear in human IP, but profibrotic effects of estro-
gens have been reported in rodent models of some pulmonary
diseases. Gharaee-Kermani et al. (2005) demonstrated that degrees
of fibrosis were higher in female rats than in male rats in the anal-
ysis of the bleomycin (BLM)-induced pulmonary fibrosis models,
and that both lung hydroxyproline contents and procollagen mRNA
were significantly decreased in the BLM treated ovariectomized
rats with subsequent recovery by exogenous estradiol supplemen-
tation. Results of tissue remodeling in bronchial asthma models
also demonstrated that female mice were significantly associated
with more abundant collagen deposition in airways and alveolar
BEC

P-value + � P-value
(n = 27) (n = 6)

17 (52%) 2 (6%)
0.80 10 (30%) 4 (12%) 0.18

17 (52%) 5 (15%)
0.19 10 (30%) 1 (3%) 0.34

19 (56%) 2 (6%)
0.021 8 (24%) 4 (12%) 0.088

7 (23%) 4 (12%)
0.021 18 (58%) 2 (6%) 0.19

8 (24%) 4 (12%)
0.13 19 (58%) 2 (6%) 0.088

25 (76%) 5 (15%)
0.010 2 (6%) 1 (3%) 0.48

26 (79%) 5 (15%)
0.039 1 (3%) 1 (3%) 0.23

valuated by a cross-table using the chi-square test. P-values < 0.05 were considered
ial cell.
croft et al. (1988), and Aschcroft grade 4 and 5 cases were categorized as mild, and,

schcroft grades 0–3.
l. (1979).
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septa than male and ovariectomized mice (Antunes et al., 2010).
Results of our present study also showed that the aromatase
immunoreactivity in AEC among IP patients was significantly
higher in patients with UIP pattern and significantly frequent in
those with moderate to severe fibrosis (Table 3), which may indi-
cate the profibrotic effects of estrogen locally produced by aroma-
tase in AEC of human IP.

Estrogens are known to be involved in the process of skin
wound healing (Ashcroft et al., 1999; Mills et al., 2005; Gilliver
et al., 2007; Merlo et al., 2008). Ashcroft et al. (1999) demonstrated
that estrogens accelerated skin wound healing with collagen syn-
thesis, and Mills et al. (2005) suggested that the locally produced
estrogens at wound sites contributed greatly to the process of skin
wound healing. Idiopathic pulmonary fibrosis is considered in the
spectrum of an abnormal process of wound healing provoked
and propagated by continuous AEC injury (Selman and Pardo,
2006; Willis et al., 2006; Strieter and Mehrad, 2009), and activated
AEC releases various profibrotic cytokines/growth factors, such as
transforming growth factor-b1 (TGF-b1), platelet-derived growth
factor (PDGF), tumor necrosis factor-a (TNF-a), endothelin-1 (ET-
1), or epidermal growth factor (EGF) (Selman and Pardo, 2006;
Willis et al., 2006; Strieter and Mehrad, 2009). Taken together with
these previous reports and our present study, it is suggested that
increased estradiol levels by aromatase in AEC play an important
role in the pathology of IP compared to other inflammatory lung
diseases. This study is descriptive, and further studies are required
to clarify the significance of estrogens and aromatase in human IP.
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