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presence of alveolitis and the subsequent destruction of the alveolar-
blood interface refated to sarcoidosis m ay influence KL-6/MUCI efflux
from the alveoli into the bloodstream . The effects of local production
of KL-6/MUCI by regenerating type Il epithelial cells on this efflux
also need to be considered in some subjects.

Thus, performing an analysis in healthy subjects is crucial for
understanding the association betw een serum KL-8 concentration
and ILDs, Therefore, in this study, we focused only on healthy sub~-
jects and evaluated the associations betw een MUCH allele-related
molecular sizes and efflux behavior of KL-6/MUCL, as w ell as factors
contributing to efflux behavior and serum KL-6 concentrations.

2. Materials and methods
2.1. Subjects

A total of 250 unrelated healthy Japanese subjects, who visited
for routine physical examination, were enrolled inte this study, By
com pleting a questionnaire, these subjects provided relevant back-
ground information, including medication use, and hereditary dis—
eases. We excluded subjects who met the following conditions:
(1) history of any pulmonary disease or respiratory symptoms;
(2) percent of predicted vital capacity b80%; (3) ratio of forced expirato-
ry volume in the first 1 s to the forced vital capacity of the lungs b 70; and
(4) estimated glom erular filtration rate (eGFR) b60 m1l/mnin/l.73 m™
eGFR w as caleulated using the follow ing equation for Japanese popula~
tions [143: eGFR = 194 Xserum creatinine”™ "9 X Age™ ™% (for
fem ales, X0.739).To definitively evaluate the effects of cigarette sm oking
on the efflux behavior of KL-6/MUCI and serum KL-6 concentrations, we
excluded form er smokers from this study, The study population, gender,
age, smoking history, serum K6 concentrations and eGFR levels are
shown in Table 1,

Venous blood samples were collected into Vacutain er™ tubes
containing clot activator, and were kept in the tubes for 30 min. Tubes
were centrifuged at 3000 rpm at room tem perature for 10 min. Serum
sam ples were imm ediately frozen and stored at — 80 “C until assay.
The Institutional Review Board of the School of Medicine, Hokkaido
University, approved the study protocols and all subjects provided
form al w ritten consent.

2.2. Genotyping of MUCI polymorphism

The MUCL SNP (exon 2; rs4072037) was genotyped using the
TaqMan system (Assay ID: C_27532642_10; Applied Biosystem s, Foster
City, CA).

2.3, Western blotting

Western blotting was performed on all serum samples as de-
scribed previously [13]. Briefly, protein samples from serum were
electrophoresed on 3%-8% NUPAGE Tris-acetate gels (Invitrogen,
Carlshad, CA) and were transferred to nitrocellulose membranes

Tabla 1
Characteristics of the study population.

Healthy subjeets

No. of subjects 250

MenAv omen 1137137

Age,y 51(24~-77)
Cigarelie smoking

Never/eurrent 15743
MUCI gene polymorphism

ANAG/GG 204/40/6

214 (112-759)
84.6 (60.3-268.7)

Serum Ki~6 concentrations, U/nl
eGIR levels, mlAnin/L.73 m g

Data are presented as median (range).

(invitrogen). Membranes were hlocked with PBS containing 3%
skim milk, Western blot analysis was performed using anti-KL-6
antibody (anti~KL~6 antibody w as kindly provided by Sanko Junyaku
Co., Ltd., Tokvo, Japan) follow ed by alkaline phosphatase-conjugated
goat anti-m ouse lg, Bands w ere developed using the WesternBreeze
Chrom ogenic lm munodetection Kit (Invitrogen),

2.4, Measurements of KL-6 and creatining

KL concentrations in serum were measured by electrochem ilum i~
nescent immunoassay using the PICOLUMI KL~ kit (Sanko Junvaku).
Concentrations of creatinine in serum were measured using a Hitachi
7170 autom ated analyzer with Serotec CRE-L (Serotec, Sapporo, Japan)
standardized using the isotopic dilution mass spectrom etry method.

2.5, Statistical methods

Statistical analysis was performed with SPSS for Window s (SPSS
Ine., Chicago, 1), Data are expressed as m edians and ranges. All data
were not norm ally distributed on univariate analysis, and the natural
logarithms of all data w ere used for further statistical analyses. Com ~
parisons were performed using unpaired t-test. Differences betw een
groups were evaluated by ANOVA and w ere assessed by Bonferroni
post-hoc test. Correlations betw een different param eters w ere deter—
mined by Pearson’s correlation coefficient. We used Haploview soft—
ware ver 4.1 {(http://Aw ww brosdmitedu/mpg/haploview) in order
to com pare the observed numbers of genotypes with the number of
expected genotypes under the Hardy-Weinberg equilibrium using
the X-test. The relationship betw een efflux behavior of high m olecu~
lar size KL-6/MUCI and smoking status w as assessed using ¥-test. A
p b 0.05 was regarded as significant.

3. Results
3.1. MUCI genotypes and Western blot analysis

There were 448 (89.6%) sequences with A and 52 (104%) with G.
The genotype frequencies w ere 204 (81.6%) for AA, 40 (16.0%) for AG,
and 6 (2.4%) for GG, No significant deviation from the Hardy~Weinberg
equilibrium w as ohserved (p » 0.05). Western blot analysis of serum
with anti-KL-6 antibody revealed 3 bands (Jow m olecular size (L), mid~
dle molecular size (M) and high molecular size (H), at approxim ately
400, 450 and 500 kDa, respectively) and four band patterns (L alone,
1M, LH and H alone) under reducing conditions, as described previ-
ously [13]. The frequency and percentage of the MUCI genotypes and
the KL-6MUCI band patterns in serum are sum marized in Table 2.

In our previous report, w e dem onstrated a significant relationship
betw een MUCI genotypes and KL-6/MUCI m olecular sizes in BALFin
128 subjects with sarcoidosis; the A allele w as linked with the low
molecular size KL-6MUCL and the G allele with the high molecular
size [13]. Therefore, we can extrapolate the KL-6MUCL molecular
sizes in BALF from the subjecisin this study according to MUCI geno-
types. Nam ely, the subjects with genotype AA correspond to low mo~
lecular size band patterns (i.e.Lalone) in BALF and the subjects w ith
genotype non-AA correspond to higher molecular size hand patterns
(ie. LM, LA and H alone). Next, we examined the association be—
tween MUCL genotypes (molecular size of KL-6/MUCI in BALF) and
KL-6MUC!I band pattern in serum. In the subjects with genotype
AA {(ie. low molecular size band patterns in BALF), all subjects
displayed L alone bands in serum. On the other hand, the subjects
with genotype non-AA (i.e. higher molecular size band patterns in
BALF) show ed diverse patterns in serum.

Based on the presence of higher molecular size bands (M or H) in
serum (i.e., the efflux of higher molecular size KL-6/MUCI from the
alveoli to the bloodstream), w e classified the subjects with genotype
non-AA into tw o groups according to the absence or presence of higher
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Table 2
The relationship betw een MUCL genotypes and KLA8/MUC! band patierns in serum .,

Band patterns in serum Total
[ralone LA, LA H alone Not detected
rs4072037 AA 190 14 204
93.1% 6.9% 100.0%
AG 32 6 2 40
80.0% 15.0% 5.0% 100.0%
GG i 5 [
16.7% 83.3% 100.0%
Total 222 6 1 21 250
88.8% 24% 04% 8.4% 100.0%

molecular size bands (M or H) in serum, “non-efflux” and “efflux”. The
non-efflux group displaved only L bands (neither M nor H bands) in
serum . In contrast, the efflux group displayed M or H bands in addition
to L bands. Thirty-tw o of forty~six subjects with higher m olecular size
band patterns in BALF (84.8%) were classified as “non-efflux” and 7 of
46 subjects (15.2%) w ere classified as “efflux”.

3.2. Serumn KL-6 concentrations in healthy subjects

Clinical characteristics and serum KL~ data are shown in
Tahle 1.The median agewas 51 y (range,24-77 v).There w ere sig~
nificantly more smokers among male subjects than among female
subjects ( ¥~test, p b 0.001). The median concentration of serum
KL-6 in all healthy subjects was 214 U/m1 (range, 112-759 U/m1).
Serum KL-6 concentrations in current smokers were significantly
higher than those in never smokers (p b 0.001). A significant posi~
tive correlation was observed between serum KlL-6 concentrations
and age (r= 0.327, p b 0.001). A significant negative correlation
was observed between concentrations of serum KL and eGFR
(r= = 0213, p= 0.001). Next, serum KL-6 concentrations were
analyzed for each MUCIL genotype. The median concentrations of
serum KL-6 in subjects with genotypes AA, AG and GG were 202,
307 and 425 U/, respectively. Serum KL-6 concentrations in subjects
with genotypes AG and GG (ie., higher molecular size KL-6MUCL
in BALF) were significantly higher than in those with genotype AA

p<0.001
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Fig. 1. Serum KI-6 concentrations in each genotype based on hand patterns in seram.
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Fig. 2. Relationships beilw een serum K-8 concentrations and smoking slatus, age and
renal funciion in subjects with genotype AA (ie., Jow molecular size KIAAMUCTH in
BALF). A, vs. smoking status; B, vs. age and C, vs. eGIR levels.
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(i.e., low molecular size KI-6/MUCL in BALF) (p b 0.001 and p b 0.001,
respectively).

3.3 Impact of KLAMUCE molecular size on serum KLA6 concentrations
in healthy subjects

When serum Kl-6 concentrations were analyzed for each geno-
tvpe based on band pattern in serum, serum KL-6 concentrations in
both the non-efflux (ie., Lalone) and efflux groups (e, LM, LM or
HAD from the subjects with genotype non-AA were significantly
higher than those in subjects with genolype AA (ie., L-alone)
(p b 0.001 and p b 0.001, respectively, Fig. 1). In subjects with geno—
type non-AA, serum K-8 concentrations in the efflux group w ere sig-
nificantly higher than those in the non=efflux group (p = 0.034,
Fig. 1),

Among subjects with genotype AA (Le., low molecular size KL-6/
MUCH in BALF), serum KL-6 concentrations in current smokers were
significantly higher than those in never smokers (p b 0.001) (Fig. 24).
A significant positive correlation was observed betw een serum KL-6
concentrations and age (r= 0323,p b 0.001) (Fig. 2B). A significant
negative correlation was observed between the concentrations of
serum KL-6 and eGFR(r = =~ 0.178,p = 0.011) (Fg. 20).

In subjects with genotype non-AA (i.e., higher molecular size
KL-6MUCH in BALF), there w ere no significant differences in serum
KL-6 concentrations between current and never smokers (p =
0367, Fig. 3A). In addition, no significant correlations betw een
serum KL-6 concentrations, and age and eGFR levels w ere observed
(r= 0274, p= 00606 and r= - 0122, p = 0419, respectively,
Fig. 3B and C). Next, we examined the effects of cigarette smoking,
aging and renal function on the efflux behavior of high molecular
size KL-6/MUCL. The efflux behavior of higher molecular size
KL-6/MUCL appeared to be affected by cigaretie smoking in some
subjects, but did not reach statistical significance ( ¥-test, p =
0.680) (Table 3). No significant differences were observed in
aging and renal function betw een the non-efflux and efflux groups
(p= 0.327 and 0.835, respectively).

4, Discussion

The KL-6MUCI efflux from the alveoli into the bloodstream
depends on the increased permeability, following destruction of
the alveolar—blood interface {781, In addition to this mechanism, we
have recently discovered that the efflux m echanism of KL-6/MUCI dif-
fered according to MUCI allele related molecular sizes in sarcoidosis
[13]. In this study, based on an analysis of healthy subjects,we demon~-
strated 3 im portant findings with regard to the KL-6 MUCI efflux based
on molecular structural variants. First, high m olecular size KI-6 MUCL
was detected in the serum of som e subjects. Thus, high molecular size
KL-6/MUCL was able to pass through the alveolar-blood interface
even in healthy subjects. Second, the effects of cigarette smoking
and aging on the efflux behavior of KL-6/MUCI differed according
to KL-6 MUCI molecular size. Anally, the efflux behavior of high m o-
lecular size KL-6/ MUCI w as a significant determinant of serum KL-6
concentrations in subjects with high molecular size KL-8/MUCL.

The major allele frequency of rs4072037 differs with ethnicity.
According to the HapMap database, “A” allele frequency is m uch higher
than “G” allele in the Japanese population, w hich is consistent w ith our
observed frequency. The distributions of the rs4072037 genotypes did
not differ betw een healthy subjects and patients with sarcoidosis [13]
in our studies.

Fig. 3. Relationships betw cen serum KIA6 concentrations and smoking status, age,
venal function and efflux behavior of high molecular size KILA6/MUCI in subjects with
genolype non-AA (Le. higher molecular size KI-6MUCT in BALP. A, vs. smoking sta-
tus; B, vs.age; C, vs, eGFR levels.



152 M. Shigemura et al. / Qiniea Chimica Acta 4124 (2013) 148-152

Table 3
Relationship between efflux behavior of higher molecular size KL-6/MUCI and
smoking status.

Erftux behavior of high Total
molecular size KL-GAMUCE
Non-efflux Etflux
Smoking status Never 20 4 24
83.8% 16.7% 100.0%
Current 19 3 22
86.4% 13.6% 100.0%
Total 39 7 46
84.8% 15.2% 100.0%

Xest,p = 0680,

The KL-6MUCT efflux mechanism from the alveoli into the blood—
stream is complex. In this study, there were significant relationships
betw een increased serum KL-6 concentrations, and smoking status
and aging in subjects with low molecular size KI-6/MUCI (ie., geno-
type AA). Cigarette smoke exposure is known to increase the
perm eability of the lung epithelial/endothelial barrier [15,18]. Previous
reports have suggested that age-related changes in healthy subjects are
associated with increased permeability of KL-6MUCI [9,11], The efflux
of low molecular size KL-6/MUCl would be induced by cigarette
smoking and aging in healthy subjects. With regard to the efflux behav—
{or of high molecular size KL-6/MUCI in subjects w ith higher m olecular
size KL-6/MUCI (i.e., genotype non-AA), 7 of 46 subjects (15.2%)
exhibited an efflux of higher molecular size KL-6/MUCI into blood.
Although this percentage is lower than in subjects with sarcoidosis
(34.0%) [13], this finding suggests that the high molecular size
KL~ /MUCH is able to pass through the alveolar—hlood interface,
even in healthy subjects. Furtherm ore, w e evaluated the association
of cigarette smoking and aging with the efflux behavior of high mo-
lecular size KI-6 MUCL. These factors appeared to have little influ—
ence on efflux behavior. The exact factors contributing to the efflux
of high molecular size KL-6MUCL could not be determined in the
present study. As discussed previously [12], the efflux mechanism
of high molecular size KL-6/MUCI may be regulated by individual
pore size and/or electrostatic forces at the alveolar hlood interface,
and this requires further clarification in the future.

It should be also noted that factors contributing to serum K6 con—
centrations in healthy subjects differed according to the KL-6MUCI
m olecular size.In subjects with low molecular size KL-6/MUCL (i, geno—
type AA), our findings related to cigarette smoking and aging were
consistent w ith previous findings [9,11]. In addition, w e identified a sig—
nificant association betw een serum KI-6 concentrations and renal func~
tion. The possible association betw een increased KL-6 excretion in the
renal tubulus and increased urinary KL-6 concentrations has been
discussed previously [10). Renal function should also be considered for
the interpretation of serum KIL-6 concentrations in these subjects. In con~
trast, in subjects with higher molecular size KI-6MUCI (ie., genotype
non-AA), cigarette sm oking,aging and renal function w ere not associated
with serum KL-6 concentrations. The efflux behavior of higher m olecular
size KIA6MUCL was a significant factor contributing to the increased
concentrations of serum KL-6. These results suggest that the im pact of ef-
flux behavior on serum KL-6 concentrations is greater than those of other
factors such as cigarette smoking, aging and renal function. Therefore, the
efflux behavior of high molecular size KI-6MUCI should be considered
w hen interpreting serum KL-6 concentrations in healthy subjects, partic-
ularly with the high m olecular size KL-6/ MUCL.

There are significant limitations with regard to Western blotting
in this study. Specifically, Western blotting was not performed on
BALF sam ples. How ever, w e analyzed genetic polymorphisms of the
MUCL gene (rs4072037) in all subjects. Based on our previous report

[13],rs4072037 genotypes are strongly linked to KL-8 MUCL molecu~
lar sizes found in BALF. Therefore, KL-6 MUCI m olecular sizes in BALF
could be extrapolated based on rs4072037 genotypes, although other
MUCI SNPs might be also associated with KL-6/MUCI m olecular sizes
in BALF. Serum KIL-6 concentrations in the non-efflux group, which
included "not detected” subjecis, from the subjects w ith genotype
non-AA were significantly higher than those in the subjects with
genotype AA. This indicates that efflux of high molecular size
KIL-6/MUCI at the alveolar-blood interface is likely to oceur, even
in these subjects, to an undetectable degree on Western blot anal-
ysis. High sensitivity quantitative analysis for each molecular size
of KL-6MUCI may still be im portant for understanding the efflux
mechanisms of KI-6/MUCI.

5. Conclusions

This study showed an associalion between KL-6/MUCL efflux
based on genetically determined molecular sizes of KL-6/ MUCI and
serum K-8 concentrations in healthy subjects. We propose that the
molecular size and efflux behavior of KI~-6/MUCI should be consid—
ered when interpreting serum KIL-6 data. Taken together with the
results of our previous study, this inform ation will assist in the inter—
pretation of serum KL-6 data in both healthy subjects and subjects
with [1Ds.
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ABSTRACT

Objectives: A growing body of evidence suggests that
there is a relationship between impaired lung function
and the risk of developing diabetes mellitus (DM).
However, it is not known if this reflects a causal effect of
lung function on glucose metabolism. To clarify the
relationship between lung function and the development
of DM, we examined the incidence of newly diagnosed
prediabetes (a precursor of DM) among subjects with
normal glucose tolerance (NGT) at baseline.

Design: Primary analysis of an occupational cohort with
hoth cross-sectional and longitudinal data (follow-up
duration mean=SD: 28.4x+6.1 months).

Setting and participants: Data were analysed from
1058 men in a cross-sectional study and from 560 men
with NGT in a longitudinal study.

Outcomes and methods: Impaired lung function (per
cent predicted value of forced vital capacity (%FVC) or
per cent value of forced expiratory volume 1 s/FVC
(FEV4/FVC ratio)) in relation to the ratio of prediabetes or
DM in a cross-sectional study and development of new
prediabetes in a longitudinal study. NGT, prediabetes
including impaired glucose tolerance (IGT) and increased
fasting glucose (IFG) and DM were diagnosed according
to 75 g oral glucose tolerance tests.

Measurements and main results: %FVG at baseline,
but not FEV4/FVC ratio at baseline, was significantly
associated with the incidences of DM and prediabetes.
Among prediabetes, IGT but not IFG was associated with
%FVC. During follow-up, 102 subjects developed
prediabetes among those with NGT. A low %FVG, but not
FEV4/FVC ratio, was predictive of an increased risk for
development of IGT, but not of IFG.

Conclusions: Low lung volume is associated with an
increased risk for the development of prediabetes,
especially 1GT, in Japanese men. Although there is
published evidence for an association between chronic
obstructive pulmonary disease and DM, prediabetes is
not associated with the early stage of COPD.

INTRODUCTION
Accumulating evidence suggests that there is
a close relationship between impaired lung

function

and diabetes mellitus (DM).
Population-based studies have demonstrated
associations between both obstructive and
restrictive 1unig impairment and insulin resist-
ance or DM."™ A representative obstructive
lung disease, chronic obstructive pulmonary
disease (COPD), is now well known to be
associated with a variety of comorbidities,
including DM, 10-13 However, an accelerated
decline of lung function has been observed
in patients with DM.' The incidence rates of
COPD, asthma, lung fibrosis and pneumonia
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are greater in patients with DM than in those without
DM.”® The incidence of death from COPD is also
increased in DM."°

The metabolic stage between normal glucose homeo-
stasis and DM is called prediabetes, which the WHO
divides into impaired glucose tolerance (IGT) and
increased fasting glucose (IFG).!” Both IFG and IGT are
the established risk factors for DM.'"® The Diabetes
Prevention Program Research Group™® found that about
30% of subjects with prediabetes developed DM during
3-5 years of follow-up. IFG and IGT are also risk factors
for cardiovascular disease (CVD), relationships that are
not confounded by the development of DM.' 20
Subjects with prediabetes also have higher incidence
rates of microvascular complications, including neur-
opathy, retinopathy and nephropathy, than do those
with normal glucose tolerance (NGT).*! #

We reported previously that smokers with airflow
limitation had subclinical atherosclerosis as evidenced
by carotid intima-media thickness (CIMT).'2 Although
we excluded subjects with DM, the prediabetic state
may influence the association, since prediabetes per
se was accompanied by a modest but significant
increase in the risk for developing CVD, as described
above. However, there is no information regarding
the association between lung function and predia-
betes. Therefore, we explored the incidence of newly
diagnosed prediabetes among selected subjects with
NGT to further elucidate the nature of the relation-
ship between lung function and the development
of DM.

METHODS
Subjects
The subjects were recruited from 1218 men who attended
the Nippon Telegraph and Telephone West Corporation
Chugoku Health Administration Center for general health
checkups between April 1999 and March 2006. One
hundred and sixty subjects were excluded, because they
did not meet the following inclusion criteria: (1) between
40 and 59 years of age at the first examination, and able to
perform both a 75 g oral glucose tolerance test (OGTT)
and adequate spirometric measurements (146 subjects
excluded); (2) no known respiratory disease (14
excluded). Data from the remaining 1058 subjects were
used for a baseline cross-sectional analysis. For the longitu-
dinal study, subjects were restricted to those who had NGT
(365 excluded), and could be followed up for more than
20 months (133 excluded). The remaining 560 subjects
were included. Among these subjects, 77 were receiving
medication for hypertension, 43 for dyslipidaemia and 11
for hyperuricaemia. The distributions of these subjects
among the quartiles of percent predicted value of %FVC
and percent value of 1s/FVC (FEV;/FVC ratio) were not
significantly different.

The study was approved by the Ethical Committee of
Kochi University.

75 g oral glusoss lolerance test .

DM and prediabetes were diagnosed according to the
2003 criteria of the WHO.'” Subjects with prediabetes
were classified into two categories: isolated IFG and IGT.
Isolated IFG was defined as a fasting plasma glucose
level of 6.1-6.9mmol/l and a 2h postload plasma
glucose level of <7.8 mmol/l; and IGT was defined by a
fasting plasma glucose level of <7.0 mmol/l and a 2h
postload plasma glucose level of 7.8-11.1 mmol/l. Blood
samples were collected after a 10 h fast, and then 2h
after a 75 g oral glucose load.

Fasting insulin was measured by an enzyme immunoassay
(Dainabot, Tokyo, Japan) with an intra-assay coefficient of
variation of 3.1-4.4%. The homeostasis model assessment
(HOMA) formula, (fasting insulin (mU/1)xfasting glucose
(mmol/1))/22.5, was used to calculate the insulin resist-
ance score.

Pulmonary funclion fesl

Pulmonary function was measured using a spirometer
(Chest HI-801; Chest Co., Tokyo, Japan) by an experi-
enced technician according to the recommendations of
the American Thoracic Society.™ The Japanese refer-
ence values were used.**

Statistical analysis

Statistical analysis was carried out using SPSS, V.18.0 (SPSS
Japan Inc, Tokyo, Japan). Statistical comparisons of the
baseline characteristics of each group were performed
using either the y-square test or one-way analysis of vari-
ance (ANOVA). Comparisons among the groups were per-
formed by using post-hoc Tukey test. In the cross-sectional
study, logistic regression models were used to estimate the
relevant ORs. In the longitudinal study, the HR of each
covariate for the risk of development of prediabetes with
95% CI was calculated using the Cox hazard model. Tests
for a linear trend across increasing categories of spiro-
metric indices were conducted by treating the categories
as continuous variables in a model. In all analyses, p<0.05
was taken to indicate statistical significance.

RESULTS

Baseline analysis

At baseline, our study population (n=1058) consisted of
693 normal subjects, 93 with isolated IFG, 167 with IGT
and 105 with DM. To examine the relationship between
lung function parameters and impaired glucose metab-
olism, the subjects were divided into quartiles according
to baseline %FVC and the FEV,/FVC ratio. Some para-
meters, including age, body mass index (BMI), systolic
blood pressure and total cholesterol, differed signifi-
cantly among the quartiles (table 1). After adjustment
for these parameters, impaired glucose metabolism was
significantly associated with %FVC (p<0.001), but not
with the FEV{/FVC ratio (p=0.80). Specifically, IGT
(p=0.04) and DM (p=0.008), but not isolated IFG
{p=0.28), were associated with %FVC (table 2).
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Frequencies of newly diagnosed prediabeies in subjecis as NGT (n=560), but no subject developed DM. As
with NGT shown in table 3, there were significant differences in
After the observation period (mean+SD: 284 several parameters at baseline, including height, BMI,
+6.1 months), there were 44 subjects with isolated IFG  systolic blood pressure and %FVC, but not in FEV;/
and 58 with IGT among those previously categorised — FVC ratio.
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Figure 1 Incidences of newly
diagnosed prediabetes, isolated (%)
IFG and impaired glucose
tolerance (IGT) according to
quartiles of % FVC and the
FEV4/FVC ratio. The incidence of
prediabetes was significantly
associated with %FVC, but not
with the FEV/FVC ratio (p=0.01).
Among subjects with prediabetes,
lower %FVC was significantly
associated with a higher
incidence of IGT (p=0.04), but not
of IFG (p=0.47).

Lung function parameters were divided into quartiles
according to baseline %FVC and the FEV,/FVC ratios.
Among the quartiles the parameters, including age, BMI
and systolic blood pressure, were significantly different
(data not shown). Both in the crude model and following
adjustment by age, BMI, pack-year smoking and systolic
blood pressure, the development of prediabetes occurred
significantly more frequently in the lowest quartile of %
FVC, but not in that of the FEV{/FVC ratio (table 4).
Among prediabetes, IGT, but not isolated IFG, was signifi-
cantly associated with %FVC, as in the baseline cross-
sectional analysis (table 4; figure 1).

DISCUSSION
In the baseline cross-sectional study, we found that a low
%FVC, but not a low FEV,/FVC ratio, was significantly

[B# Prediabetes
4 IGT
I IFG

FVC

FEV /FVCratio

associated with increased prevalences of prediabetes and
DM. As lung function might be impaired by DM, a
causal effect of lung function on DM could not be estab-
lished by these data. Therefore, we also explored pro-
spectively the effect of lung function on the
development of newly diagnosed prediabetes in the
population with normal glucose metabolism, as evi-
denced by the results of an OGTT. We found that
reduced lung volume (%FVC), but not airflow limitation
(FEV,/FVC ratio), was significantly associated with the
future development of prediabetes.

This study demonstrated that IGT, but not IFG, was
closely associated with lower lung volume in both cross-
sectional and longitudinal settings. Our finding was
supported by previous studies conducted in an Asian
population with relatively low BMI but high smoking
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prevalence.8 In addition, such association between
lower lung function and impaired glucose metabolism
was also demonstrated in Western populations with
higher BMI but lower smoking prevalence, and the asso-
ciation had been shown to be independent of smoking
or obesity (refs. ', for review ref. )

The mechanisms for the association are not clarified
at present. It has been suggested that IGT is caused
mainly by insulin resistance in the muscle, and IFG
mainly by insulin resistance in the liver.”® Reduced
lung volume is associated with reduced maximum
oxygen uptake, which may lead to poorer physical
fitness and physical activity, and thus result in insulin
resistance and DM.?*®® This may explain why IGT is
more closely associated with lung volume. Furthermore,
poorer lung function in adulthood may be due to low
birth weight or earlylife malnutrition,” *° both of
which have been reported to be associated with the
development of diabetes.® Malnutrition as a neonate
may be an important early cause of cardiac and meta-
bolic disorders in adulthood as a consequence of fetal
programming.*® %

This study had several limitations. The study popula-
tion was limited to men, owing to the fact that sufficient

female subjects were not available at the institute. The
occupational cohort used in this study may not be repre-
sentative of Japanese men in general. For example, the
prevalence rates of hypertension and hyperlipidacmia in
this cohort were 13% and 7%, respectively (data not
shown). The National Health and Nutrition
Examination Survey in Japan showed prevalence rate of
these in general Japanese men aged 40-60 years, in
general, were around 30% and 35%, respectively, sug-
gesting that our occupational cohort may be healthier.
Subjects taking medications, including simvastatin,
which have been shown to lower the risk of impaired
glucose metabolism were not excluded, although the dis-
tributions of %FVC and the FEV,/FVC ratio in those
taking drugs for hypertension, dyslipidaemia and hyper-
uricaemia were not significantly different from those of
subjects not on such medication.

In conclusion, this study provides evidence for a pro-
spective relationship between lung volume and the inci-
dence of newly diagnosed prediabetes among subjects
with normal glucose metabolism at baseline. Among sub-
jects with prediabetes, the study also suggests that lung
volume may be a risk factor for the development of IGT,
which is mainly caused by insulin resistance in the
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muscle, but not IFG, which is caused mainly by insulin
resistance in the liver. Although there is published evi-
dence for an association between COPD and DM, our
results suggest that prediabetes is not associated with at
least the early stage of COPD.
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KEYWORDS Summary

Forced oscillometry; Background: Forced oscillometry is a non-invasive method to measure respiratory resistance
Impulse oscillation and reactance. In this study, we investigated the characteristics of measurements obtained
system; with an impulse oscillation system (10S) for patients with interstitial lung disease (ILD).
Interstitial lung ‘ Method: 10S and spirometry were performed in 64 ILD patients, 54 asthma patients, 49 chronic
diséase; obstructive pulmonary disease (COPD) patients, and 29 controls. Respiratory resistance and
Reactance; reactance were assessed as measurements averaged over several tidal breaths (whole-breath
Within-breath change analysis) and as measurements separately averaged during inspiration and expiration (inspira-

tory—expiratory analysis).

Results: Whole-breath 10S analyses for ILD patients showed increased resistance at 5 Hz and
decreased reactance at 5 Hz (X5) compared with controls, atthough these features were also
found in asthma and COPD patients. Inspiratory—expiratory analysis demonstrated that the
changes in X5 and reactance area (AX) between inspiration and expiration (AX5 and AAX,
respectively) were significantly different from those in asthma patients, COPD patients, and
controls. However, multiple linear regression analysis showed that the presence of ILD was
independently associated with AX5, but not with AAX. Furthermore, AX5 was inversely corre-
lated with vital capacity and diffusing capacity of carbon monoxide in ILD patients.
Conclusions: Our results suggest that AXS is a characteristic feature of 10S measurements in
ILD patients, which is clearly different from those in asthma and COPD patients. This within-
breath X5 change in ILD might be associated with its severity and physiological abnormality,
although further studies are needed to investigate its cause.

© 2013 Elsevier Ltd. All rights reserved.
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Introduction

Interstitial lung disease (ILD) is a group of lung diseases
with diverse clinical and histopathological manifestations
that share a common physiological abnormality of
restrictive ventilation.! In patients with ILD, a static
expiratory pressure—volume curve of the lung is generally
shifted downward and rightward and spirometry results
reveal reduced vital capacity.? However, reduced vital
capacity may occur even in patients with obstructive lung
diseases and in other situations, such as chest wall re-
striction, lung resection, inspiratory muscle weakness, or
poor cooperation with spirometry. In addition, spirometry
is sometimes difficult to perform with elderly, cognitively
impaired patients, or patients with severe respiratory
distress.*

Forced oscillometry is a non-invasive method to mea-
sure respiratory impedance and generally requires only
passive patient cooperation. Two components of respira-
tory impedance can be evaluated by forced oscillometry:
total respiratory resistance and reactance.* Resistance at
low frequency, 5 Hz (R5), indicates total airway resistance
and resistance at high frequency, 20 Hz (R20), approxi-
mates central airway resistance. The difference between
R5 and R20 (R5 — R20) is considered to be an index of the
small airways.® Reactance at 5 Hz (X5) is thought to be

. reciprocally related to compliance. The resonant fre-
quency (Fres) is the intermediate frequency at which the
total reactance is 0, and reactance area (AX) is the inte-
grated low frequency respiratory reactance magnitude
{area under the curve) between 5 Hz to Fres.? X5, Fres, and
AX have been proposed for detecting expiratory flow
timitations.® ™8

Forced oscillometry has been used primarily for pa-
tients with obstructive lung diseases because it can
sensitively detect increased airway resistance.* Addition-
ally, Dellaca et al. reported that reactance assessed
separately during inspiration and expiration (inspirator-
y—expiratory analysis) using forced oscillometry can
accurately detect expiratory flow limitation.® Inspirator-
y—expiratory analysis is useful to differentiate chronic
obstructive pulmonary disease (COPD) patients from
asthmatics who have the same degree of airflow limitation
evaluated by spirometry.” However, characteristic findings
of forced oscillometry performed for patients with
restrictive lung diseases such as ILD have not been fully
demonstrated® ' and, to the best of our knowledge, there
has been no published data regarding inspirator-
y—expiratory analysis using forced oscillometry in patients
with ILD. To date, forced oscillometry has not been shown
to be able to distinguish between restrictive and
obstructive lung disease.”°

In the present study, in order to investigate the char-
acteristics of data obtained by forced oscillometry per-
formed for patients with LD, we measured respiratory
resistance and reactance at both inspiratory and expiratory
phases using an impulse oscillation system (I0S) in control
subjects and in patients with ILD, COPD, and asthma. We
also evaluated the relationships between the 10S mea-
surements and results from pulmonary function tests for
patients with ILD.

Materials and methods
Subjects

This was a retrospective observational study for subjects
who had spirometry tests and 10S measurements at the
Hiroshima University Hospital (Hiroshima, Japan) between
December 2007 and April 2011. We enrolled 64 patients
with ILD (36 males; mean age 65.8 + 0.9 years), 54 patients
with asthma (13 males; mean age 52.1 + 2.6 years), 49
patients with COPD (40 males; mean age 71.5 & 1.4 years),
and 29 control subjects (19 males; mean age 47.6 + 2.5
years). All ILD patients were diagnosed in accordance with
the clinical criteria established by the current ATS/ERS
guidelines.” Patients with ILD whose forced expiratory
volume in 1 s (FEV,)/forced vital capacity (FVC) ratio was
<70% and/or who had a history of asthma were excluded
from this study. Three ILD patients whose FEV,/FVC ratios
were <70% were excluded. All 3 of these patients were
heavy smokers with rheumatoid arthritis and their CT re-
sults demonstrated the presence of apparent emphysema.

Clinical or histopathological diagnoses in the 64 enrolled
patients with ILD were: idiopathic pulmonary fibrosis (IPF)
in 26, nonspecific interstitial pneumonia (NSIP) in 17,
chronic hypersensitivity pneumonia (CHP} in 7, collagen-
vascular disease associated interstitial pneumonia (CVD-IP)
in 13, and desquamative interstitial pneumonia in one pa-
tient. Regarding CVD-IP, cases whose chest CT results
showed a usual interstitial pneumonia (UIP) or NSIP pattern
were selected. Ten patients were treated with corticoste-
roids alone, two patients were treated with corticosteroids
plus immunosuppressive agents, and one patient was .
treated with an immunosuppressive agent alone. Asthma
diagnosis was made based on clinical history plus historical
evidence of reversible airway obstruction. To avoid the
possible complication of COPD, only asthmatic patients who
never smoked were enrolled. For the 54 enrolled patients,
asthma severity based on the Global Initiative for Asthma
(GINA) criteria™ was step 1 for 7 patients (13.0%), step 2 for
11 patients (20.4%), step 3 for 12 patients (22.2%), step 4
for 18 patients (33.3%), and step 5 for 6 patients (11.1%). All
enrolled asthma patients had not suffered from exacerba-
tions during the previous month. Among the 54 patients
with asthma, inhaled corticosteroids were used by 44 pa-
tients, long acting B,-agonists were used by 22 patients,
anti-leukotriene receptor antagonists were used by 14 pa-
tients, and oral theophylline was used by 11 patients. A
COPD diagnosis was based on the Global Initiative for
Obstructive Lung Disease (GOLD) criteria.’® COPD severity
according to the GOLD criteria was stage 1 (mild) for 6
patients, stage 2 (moderate) for 24, stage 3 (severe) for 18,
and stage 4 (very severe] for 1. Each enrolied COPD patient
was clinically stable. Among the 49 COPD patients, a long
acting anti-cholinergic agent was used by 20 patients, long
acting B,-agonists were used by 19 patients, and inhaled
corticosteroids were used by 13 patients. All of the controt
subjects were non-current smokers who had visited the
Hiroshima University Hospital for medical health check-ups.
Spirometric results for all control subjects were FEV/FVC
ratio >70% and vital capacity (VC} >80% of predicted.
None of the control subjects had evidence of pulmonary
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disease based on their histories and physical examination
results.

All subjects were informed of the possibility of being
enrolled in a retrospective observational study when they
had spirometry tests and 10S measurements, and all pro-
vided permission to use their de-identified data. The
institutional review board approved this retrospective
observational study and waived the requirement to obtain
informed consent.

Forced oscillometry

In this study, we used 105 (Eric Jaeger, Germany) to assess
respiratory impedance. |0S measurements were performed
before spirometry. Impulses were applied for 30 s during
tidal breathing in a sitting position. Subjects supported
their cheeks with both hands to reduce upper airway
shunting and wore nose clips to avoid air leaks. R5, R20,
R5 — R20, X5, Fres, and AX were evaluated. We compared
the data for R5, R20, R5 - R20, X5, Fres, and AX measured
at inspiratory and expiratory phases. The results for each of
these variables were determined using 10S software by
separately averaging the measurements obtained during
inspiration and expiration. Within-breath changes in X5
(AX5), defined as expiratory X5 minus inspiratory X5, and in
AX (AAX), defined as expiratory AX minus inspiratory AX,
were compared among the four groups.

Pulmonary function tests

Spirometry and diffusion capacity for carbon monoxide
(DLco) measurements were made by one specialist techni-
cian, as previously recommended.'® Predicted values for
FEV4, VC, and DLco were determined based on reference
values.'”""® DLco was determined onty for the patients with
ILD using a single-breath technique. All DLco measurements
were corrected to the standard haemoglobin value ac-
cording to ERS/ATS standards.'®

Statistical analysis

Results are expressed as the means =+ standard errors of the
means (SEMs). A value of p <0.05 was considered to indi-
cate a significant difference. The Mann—Whitney test was

applied to examine differences between groups. Multiple
linear regression analysis was used to assess the relative
contributions of age, sex, height, weight, body mass index
(BMI), and smoking status (pack-years) on AX5 and AAX in
the study groups (control, asthma, COPD, and ILD). Pearson
correlation analysis was used to assess associations be-
tween AX5 and %VC or %DLco in ILD patients. A Krus-
kal—Wallis test was used to compare the results for each
variable among ILD subgroups. Statistical analyses were
performed using the JMP software suite (SAS Institute).

Results

The subjects enrolled in the study were classified into
control, asthma, COPD, and ILD groups. The subjects’
characteristics are summarized in Table 1. Subjects in the
COPD group were the oldest and had the highest pack-year
smoking history among the four groups. The ILD group
showed the lowest VC and the COPD group had the lowest
FEV4. The characteristics of the LD subgroups (IPF, NSIP,
CHP, and CVD-IP) are also summarized in Supplemental
Table 1.

The whole-breath 10S results for the four groups are
shown in Table 2. The whole-breath 10S results for ILD
subgroups are also shown in Supplemental Table 2. R5
values in the control group (0.26 + 0.01 kPa/L/s) were
significantly lower than those in the asthma group
(0.38 + 0.02 kPa/L/s; p < 0.0001), the COPD group
(0.42 + 0.03 kPa/L/s; p < 0.0001), and the ILD group
(0.31 +0.01 kPa/L/s; p < 0.05). However, R5 in the asthma
or the COPD group was shown to be significantly higher as
compared with that in the ILD group. While R20 was
significantly higher in the asthma group than in the control
group, there was no difference in R20 between the patients
with ILD and the control subjects. R5 — R20 values were the
highest in the COPD group among the four groups and were
significantly higher in the asthma or the ILD group than in
the control subjects.

Regarding X5, as compared with the control subjects
(—0.10 =+ 0.01 kPa/L/s), X5 values were significantly more
negative in the patients with asthma (—0.16 = 0.01 kPa/L/s;
p < 0.01), COPD (—0.20 + 0.02 kPa/L/s; p < 0.0001), and ILD
{(—0.16 +0.01 kPa/L/s; p < 0.0001). Fres and AX valuesin the
asthma, COPD, and ILD groups were significantly higher than

Table 1 Study subjects’ characteristics.

Control (nZ 29) Asthma (n Z 54) COPD (nZ 49) ILD (nZ 64)
Male/Female 19/10 13/41* 40/9% 36/28"%
Age (years) 47.6 + 2.5 52.1 + 2.6 71.5 + 1.4% 65.8 & 0.9*#
Body height (m) 1.65 =+ 0.02 1.55 & 0.01* 1.61 & 0.01% 1.58 & 0.01*¢
BMI (kg/m?) 23.34+ 0.4 23.0+ 0.6 21.8 + 0.4 23.1£05
Smoking history Current/Ex/Never 0/10/19 0/0/54 9/38/2 6/35/23
Pack-years 3.0+ 1.1 0* 53.9 &+ 3.8%} 27.5 & 3.5%#
VC (% predicted) 105.1 £+ 1.8 95.1 + 2.6 87.6 + 2.9* 76.1 £ 2.6M#
FEV, (% predicted) 103.2 £ 2.1 86.1 + 2.8 58.5 4 2.6% 79.6 + 2.4%%

BMI Z body mass index; COPD Z chronic obstructive pulmonary disease; ILD Z

interstitial lung disease; VC Z vital capacity;

FEV, Z forced expiratory volume in 1 s. Results are means & SEMs. p-Values are not significant unless indicated. *p < 0.05: vs. control

group. 'p < 0.05: vs. asthma group. ’p < 0.05: vs. COPD group.
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Table 2 - Whole breath";OSresu{zs T
' ' Contml (nZ 29)

st:hma (n Z: 54)

LD (nZ 64)

R5 "(kpa'lt/s)"i =
R20 (kPa/l/s)

0.02 +£0.01

0.384£0.02¢
0324001
0.07+0.01* =

031+ 0.01M#
10.24 +0.017

"R5 — R20 (kPa/l/s) o { 0.07 & 0.01*#
X5 (Pa/l/sy -0.10 £ 0.01 0.16 + 0.01* +0.0 S =046£0.01
Fres (Hz) 10.57 =+ 0.57 - 14.82 + 0.71* ; 20.7*@,& 0"93'? A 15.74 + 0.51%#
AX (kPa/l/s Hz) - 0.28 £0.02 10.79 + 0.13* 1.56 + 0. 22*1‘, 0.77 £ 0.01°#

‘COPD Z chromc obstructwe pulmonary dxsease, LD Z mterst}tral lung chsease, R5Z resxstance at5 Hz, R20 Z resistance at 20 Hz;
X5Z reactance ath Hz; Fres Z resonant frequency, AXZ ‘reactance area Results are mearis + SEMs. p-values are not. sxgmﬁcant unless
indicated. * < 0.05; vs. ‘caontrol group. ’fp < 0.05: vs. asthma group. *p < 0.05: vs. COPD group.

those for the control subjects. Next, we separately calcu-
lated the average values for RS, R20, R5 — R20, X5, Fres, and
AX during expiration and inspiration; these within-breath I0$
measurements are shown in Table 3. The within-breath 10S
results for subgroups of ILD (IPF, NSIP, CHP, and CVD-IP) are
also shown in Supplemental Table 3. As shown in Fig. 1A,
expiratory RS was significantly higher than inspiratory R5 in
all groups. Similarly, expiratory R20 was higher than inspi-
ratory RZ0 in all groups but a statistically significant differ-
ence was not observed in the patients with COPD (Fig. 1B).
Interestingly, expiratory R5 - R20 was significantly
higher than inspiratory R5 — R20 in the COPD group,
whereas there were no significant differences in RS — R20
between expiration and inspiration in the asthma group,
the ILD group, and the control subjects. In contrast to the
changes in RS and R20 between expiration and inspiration,
the changes in X5 between inspiration and expiration were
found to vary among the four groups (Fig. 1C). In the

Table 3 insmratory—-exmratory 10S results.

control subjects and the patients with asthma, there was
no significant difference between expiratory X5 and inspi-
ratory X5. In the patients with COPD, expiratory X5
(—0.23 + 0.03 kPa/l./s) was more negative than inspiratory
X5 (—0.16 £ 0.01 kPa/L/s} {p < 0.05). In the patients with
ILD, however, expiratory X5 (—0.14 + 0.013 kPa/L/s) was
found to be significantly less negative than inspiratory X5
{(—0.19 + 0.01 kPa/L/s) (p < 0.0001).

In the ILD group, there was a trend for increased inspi-
ratory AX (0.86 + 0.08 kPa/L/s) compared to expiratory AX
(0.74 £ 0.07 kPa/L/s), whereas Fres did not differ between
inspiration (15.54 + 0.47 kPa/L/s) and expiration
(15.89 + 0.57 kPa/L/s) (Table 3). Supporting the changes
seen in X5 between expiration and inspiration among the
four groups, AX5 in the ILD group (0.04 + 0.01 kPa/L/s) was
significantly higher than those in the other three groups,
and AX5 in the COPD group (—0.08 &+ 0.02 kPa/L/s) was
significantly lower than those in the other three groups

Asthma (n Zf 54)

Control (nZ 29) COPD (n'Z 49) ILD (nZ 64)

Rs‘(kpa/t/s) ' L

Expiratory 0.28 +0.02° 0.41 :t 0.02% - 0.45 + 0.03*§ 0.32 + 0.011%

Inspiratory 0.23 £0.01 0. 34 +0. 02" 0.37 £ 0.02* 0.29 + 0.01%4#
R20 (kPa/l/s) ‘ ‘ ' '

Expiratory 0.26 +0.02° 0.33 £ 0.01%§ 0.30 + 0.01 0.25 + 0.011%

Inspiratory 0.22 + 0.01 0.29 + 0.01* 0.26 %+ 0.01*t 0.22 + 0.01%*
R5.— R20 (kPa/l/s)

Expiratory 0.02 + 0.01 0.08 + 0.01* 0.16 + 0.02*1% 0.07 + 0.01*#

Inspiratory 0.01 + 0.01 0.05 + 0.01* 0.10 £ 0.01* 0.07 + 0.01%#
X5 (kPa/l/s)

Expiratory ~0.10 & 0.01 -0.16 + 0.02* —0.23 = 0.03*1% —0.14 + 0.01*#%

Inspiratory -0.11 &+ 0.01 -0.16 + 0.01* -0.16 + 0.01* —0.19 £+ 0.01%#

AX5 0.02 + 0.01 0.00 & 0.01 —0.08 + 0.02* 0.04 + 0.01%#
Fres (Hz)

Expiratory 10.70 & 0.67 15.30 =+ 0.82* 21.75 + 1.024% 15.89 + 0.57%#

Inspiratory 10.46 + 0.49 13.80 =+ 0.62* 19.04 & 0.96* 15.54 & 0.47*i#
AX (kPa/l/s Hz)

Expiratory 0.26 + 0.05 0.88 + 0.15* 1.87 £ 0.24%5 0.74 + 0.07*#

Inspiratory 0.28 + 0.05 0.67 + 0.10* 1.04 + 0.12%¢ 0.86 + 0.08*

AAX -0.02 + 0.03 0.22 + 0.08* 0.82 + 0.18% ~0.12 + 0.06*1#

COPD Z chronic obstructive pulmonary disease; ILD Z interstitial lung disease; R5 Z resistance at 5 Hz; R20 Z resistance at 20 Hz;
X532 reactance at5 Hz; FresZ resonantfrequency; AXZ reactance area. Results are means =+ SEMs. p-values are not significant unless
indicated. *p < 0.05: vs. control group. ip < 0.05: vs. asthma group. #p < 0.05: vs. COPD group. *p < 0.05: vs. inspiratory phase.
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Figure 1
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0,36 by
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Comparisons of the mean values for resistance at 5 Hz (R5) (A), resistance at 20 Hz (R20) (B) and reactance at 5 Hz (X5)

(C) during expiration and inspiration in the control (n Z 29), asthma (n Z 54), chronic obstructive pulmonary disease (COPD)
(nZ 49), and interstitial lung disease (ILD) (n Z 64) groups. Error bars indicate standard errors of the mean. *: p < 0.05; **:

p < 0.01; ** p < 0.0001.

(Fig. 2A). In addition, AAX values in the ILD group were
significantly different from those in the other three groups
(Fig. 2B). Among the asthma, COPD, ILD, and control
groups, the variables of age, sex, height, weight, BMI, and
smoking status (pack-years) were not completely matched;
these differences might have affected the AX5 and AAX
values. Therefore, we used multiple linear regression
analysis to determine what variables were significantly
associated with AX5 or AAX levels.

This analysis showed that AX5 was independently asso-
ciated with the presence of COPD (b Z —0.428; p < 0.0001)
orILD (b Z 0.192; pZ 0.037), but was not associated with
age, sex, height, weight, BMI, or smoking status {pack-year)
(Table 4). The only significant variable associated with AAX
was the presence of COPD. An independent association
between the presence of ILD and AAX was not found. This
result implied that AX5 was a more characteristic feature
of 10S measurements in ILD patients than was AAX (Table
4). Based on these results, relationships between AX5 and
measurements of pulmonary function tests (¥VC and %
DlLco) were analysed for ILD patients (Fig. 3). AX5 was
inversely correlated with %VC (rZ —0.43; p < 0.001) and %
Dlco (rZ —0.57; p < 0.0001).
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Discussion

In the present study, the characteristics of 10S measure-
ments made for patients with ILD were described in detail.
To the best of our knowledge, this is the first report to
compare 10S data between patients with restrictive and
obstructive lung diseases. Whole-breath 10S analyses for
ILD patients showed increased R5 and decreased X5
compared with controls, although these features were also
found in the asthma and COPD groups. However, changes in
10S measurement results, particularly X5 and AX, between
inspiration and expiration were characteristic features in
asthma, COPD, and ILD. Inspiratory and expiratory X5 did
not differ in the control subjects and the patients with
asthma. The magnitudes of expiratory X5 were greater than
those of inspiratory X5 in the patients with COPD, while this
situation was found to be reversed in the patients with ILD.
Similarly, the within-breath changes in AX were signifi-
cantly lower in ILD patients than those in asthma or COPD
patients; however, multiple linear regression analysis
showed that the presence of ILD was not independently
associated with AAX. These results indicate that patients
with ILD show completely different characteristics of

o5

AAX(KPaiLis)

-85

Control  Asthma COPD ILD

Figure 2 Comparison of the mean values for AX5 (expiratory—inspiratory values of the reactance at 5 Hz) (A) and AAX (expir-
atory—inspiratory values of the reactance area) {B) in the control group (n Z 29), patients with asthma (n Z 54), patients with
chronic obstructive pulmonary disease (COPD) (n Z 49), and patients with interstitial lung disease (ILD) (n Z 64). Error bars
indicate standard errors of the mean. *: p < 0.05; **: p < 0.01; **: p < 0.0001.
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Table 4 Mumple hnear regresszon analyms far AX5 and AAX

:Vanables

Smoking (pack-years) Lk
Control
COPD
LD -

BM! Z  body mass mdex, COPD Y4 chromc'obstructwe putmonary dlsease ELD z mterstlttal lung dlsease Sex female Z 0 mate 7 1
Control noZ 0,vesZ 1; COPD noZ 0, yesZ A5 ILDinoZ o, yesZ 1. The presence of asthma was excluded from this mult]ple linear

regressxon model

within-breath changes in X5 as compared with asthma and
COPD patients. In addition, a significant correlation be-
tween AX5 and %VC or %DLco suggests that the within-
breath change in X5 may be associated with a physiological
abnormality in ILD.

The most interesting finding of this study was that the
within-breath change in X5 was a distinguishable charac-
teristic of ILD as compared with the change in asthma or
COPD. As previously reported, there was no difference in X5
by whole-breath oscillometry between ILD and asthma or
COPD.” ' The magnitude of inspiratory X5 was shown to be
greater than that of expiratory X5 in the patients with ILD.
Consistent with the results of previous studies,>® 2 the
inspiratory and expiratory X5 did not differ in the asthma
patients and the magnitude of inspiratory X5 was smaller
than that of expiratory X5 in the patients with COPD. X5is a
numerically negative value thought to be related to the
reciprocal of lung compliance.>?° Therefore, its value be-
comes more negative when the peripheral lung tissue has
reduced compliance or is compressed.”?" Because the
distensibility of peripheral lung tissue is decreased in pa-
tients with ILD,? compliance during inspiration is likely to
be more reduced compared with that during expiration.
This might be a reason why the magnitude of inspiratory X5
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Figure 3

was greater than that of expiratory X5 in patients with ILD.
Furthermore, the different patterns of within-breath
changes in X5 among the patients with asthma, COPD,
and ILD suggest that inspiratory—expiratory analysis using
10S might be useful not only for obstructive lung disease but
also for ILD. Further investigations will be needed to
identify the cause(s) of these differences of within-breath

.changes in X5.

Another interesting finding of this study was that AX5
showed significant inverse correlations with VC and DLco in
patients with ILD. Because reduced lung volume and diffu-
sion capacity are associated with LD disease severity and
prognosis,?>?> our results may support the association be-
tween AX5 and disease severity or physiclogical abnormality
in ILD. The inverse correlation between AX5 and VC may also
suggest an association between increased AX5 and reduced
lung distensibility in ILD. In addition, the greater magnitude
of AX5 resulting from exaggerated inspiratory reactance may
reflect an increased elastic recoil during inspiration in ILD.

For patients with ILD, whole-breath analyses of 10S
demonstrated that R5 and RS — R20 were increased, but
that R20 was similar compared with those of the control
subjects. Resistance represents the frictional components
of the respiratory tract and is predominantly influenced by

{ kPallJs )
p < 0.0001
02{B * r=.0.57
0.15-
3 01 —\\ AN
‘\‘\‘ * .0 ® .
£.05 * i tue s
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Relationship between AX5 and VC% predicted (A) or DLco% predicted (B) in the patients with interstitial lung disease

(nZ 64). AX5: within-breath change in reactance at 5 Hz (expiratory X5 minus inspiratory X5). VC: vital capacity. DLco: diffusing

capacity of carbon monoxide.
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the calibre of the central airways. Pressure oscillation at
high frequency is severely dampened before reaching the
peripheral airways, but it penetrates much further into the
lung periphery at low frequency. Thus, R5 reflects total
respiratory resistance, whereas R20 reflects central airway
resistance. The difference between R5 and R20 (R5 — R20)
is thought to be an index of the small airways.® Based on
these observations, R5, R20, and R5 — R20 results from ILD
patients may suggest the presence of small airway dis-
ease’’; however, these results were not distinguishable
from those for obstructive lung diseases.'” In addition,
inspiratory—expiratory analyses of R5, R20, and R5 — R20
failed to discriminate ILD from obstructive lung diseases
(Fig. 1A and B, Table 3). These results suggest that resis-
tance measured using 10S cannot reveal the characteristics
of ILD; however, inspiratory—expiratory analysis of reac-
tance might show a distinctive pattern for ILD.

Although promising results were obtained, we are aware
that this study has limitations. First, the number of the
patients included in the study was relatively small. To
verify the results, a larger sample size study is necessary.
Secondly, for the data analysis, we used the raw values
measured by 10S for various ages of subjects, since defini-
tive predictive equations have not yet been established.
Again, a large-scale study across a wider age range is
needed to validate existing reference values.’

Conclusion

We have demonstrated that an increased magnitude of X5
during inspiration compared to X5 during expiration was a
characteristic finding in inspiratory—expiratory analysis of
10S performed for patients with ILD. Significant inverse
correlations between the magnitude of inspirator-
y—expiratory difference in X5 (AX5) and VC or DLco were
observed, and these data may suggest an association be-
tween AX5 and severity and physiological abnormality in
patients with ILD. AX5 results showed clearly different
patterns among patients with asthma, COPD, and ILD.
Exaggerated inspiratory reactance in ILD may reflect
reduced distensibility and increased elastic recoil of the
lung during inspiration, although further studies are needed
to investigate its cause.
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SK-216, an Inhibitor of Plasminogen Activator Inhibitor-1,
Limits Tumor Progression and Angiogenesis

Takeshi Masuda', Noboru Hattori®, Tadashi Senoo?, Shin Akita', Nobuhisa Ishikawa®, Kazunori Fujitaka®,
Yoshinori Haruta®, Hiroshi Murai®, and Nobuoki Kohno?

Abstract

Plasminogen activator inhibitor-1 (PAI-1), which can be produced by host and tumor cells in the tumor
microenvironment, is intimately involved in tumor progression. In the present study, to pursue the
possibility that PAI-1 could be a therapeutic target in the management of malignancy, SK-216, a specific
PAI-1 inhibitor, was orally administered to wild-type mice that were subcutaneously implanted or
intravenously injected with either PAl-1-secreting Lewis lung carcinoma (LLC) or PAl-1-nonsecreting
B16 melanoma cells. The systemic administration of SK-216 was found to reduce the size of subcutaneous
tumors and the extent of metastases, regardless of PAI-1 secretion levels from the tumor cells. SK-216 also
reduced the extent of angiogenesis in the tumors and inhibited VEGF-induced migration and tube
formation by human umbilical vein endothelial cells in vitro. Then, to determine whether host or tumor
PAI-1 was more crucial in tumor progression and angiogenesis, PAI-1-deficient or wild-type mice were
subcutaneously implanted or intravenously injected with LLC or PAI-1 knockdown LLC cells. Tumor
progression was shown to be controlled by the presence of host PAI-1 and not affected by the PAI-1 levels
in the tumors, Similarly, host PAI-1 played a more crucial role in tumor angiogenesis than did tumor PAI-1.
These observations suggest that regardless of the PAI-1 levels in the tumor, the systemic administration of
SK-216 exerts an antitumor effect through its interaction with host PAI-1, This antitumor effect might be
mediated by the antiangiogenic properties of SK-216. Mol Cancer Ther; 12(11); 2378~88. ©2013 AACR.
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Introduction

The plasminogen activation system, represented by
urokinase-type plasminogen activator (uPA), the cellular
receptor for uPA (uPAR), and its specific inhibitor, the
plasminogen activator inhibitor-1 (PAI-1), plays a crucial
role in tumor growth, invasion, metastasis, and angiogen-
esis. The interaction between uPA and uPAR is believed to
be a particularly efficient proteolytic system for endothe-
lial and tumor cells to breakdown the extracellular matrix
(ECM) during migration (1). In addition, through binding
touPA, uPAR transduces signals that promote cell migra-
tion and proliferation (2). Judging from these observa-
tions, PAI-1, a primary inhibitor of uPA, has long been
considered a cancer inhibitor (3). However, recent evi-
dence now shows an association between high expression
of PAI-1 and poor prognosis in various types of tumors (4~
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10). In addition, a large number of animal and/or in vitro
studies have revealed the involvement of PAI-1 in tumor
growth and metastasis through several possible mechan-
isms. Experiments using PAl-1-deficient (PAI-17/~) mice
have shown the significance of host PAI-1 in regulating
tumor angiogenesis (11-14). This process is thought to be
mediated by the actions of PAI-1 on endothelial cells,
thereby regulating plasmin-mediated proteolysis (15,
16), modulating migration (17, 18), and/or preventing
apoptosis (19). PAI-1 is also known to be associated with
cell motility. Binding of PAI-1 to the ECM protein vitro-
nectin blocks the interaction between the integrins and the
uPAR~uPA complex with vitronectin, thereby inhibiting
adhesion and accelerating migration of cells (17, 18).
Furthermore, recent studies have revealed that PAI-1 has
a direct effect on pro-proliferative (20) and antiapoptotic
signaling (21) in tumor cells. These observations clearly
suggest an important role of PAI-1 in tumor progression.
In the tumor microenvironment, PAI-1 can be produced
by host and tumor cells. There may be interactions
between host and tumor PAI-1 and they likely differ in
their relevance to tumor progression. However, whether
host or tumor PAI-1 is more crucial to tumor progression
is unknown. To date, deficiency of host PAI-1 has been
clearly shown to reduce tumor progression through inhi-
biting tumor angiogenesis (11-14). In addition, recent
studies have reported the inhibitory effects of reduced
tumor PAI-1 levels on tumor progression (22, 23).

Mol Cancer Ther; 12(11) November 2013
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SK-216 Limits Tumor Progression and Angiogenesis

To pursue the possibility that PAI-1 could be a thera-
peutic target in the management of malignancy, we first
examined the effect of systemic administration of SK-216,
a specific inhibitor for PAI-1, on tumor progression and
angiogenesis. In this experiment, PAl-1-secreting Lewis
lung carcinoma (LLC) cells and PAI-1-nonsecreting B16
melanoma cells were used to establish a subcutaneous
tumor model and a tail vein metastasis model. Then, we
determined whether host or tumor PAI-1 was more
important in tumor progression and angiogenesis.
Toward that end, we stably transfected LLC cells with
short hairpin RNA (shRNA) to generate siRNA targeting
PAI-1 (PAI-1-siRNA) or nonspecific scrambled siRNA
(NS-siRNA), thereby yielding PAI-1 knockdown LLC
(siPAI-1 LLC) cells or control LLC (siControl LLC) cells.
After siPAI-1 LLC cells or siControl LLC cells were trans-
planted into PAI-1™/~ mice or wild-type (WT) mice, the
degrees of tumor progression and angiogenesis were
analyzed.

Materials and Methods

Cells and cell culture

LLC, B16 melanoma, and human embryonic kidney
293 cells were purchased from and authenticated by
American Type Culture Collection. These cell lines were
cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% FBS and 1% penicillin-strepto-
mycin. Human umbilical vein endothelial cells (HUVEC)
authenticated by Lifeline Cell Technology were purchased
from Kurabo and cultured following the manufacturer’s
protocol. All cells were incubated at 37°C in a 5% CO,
incubator and used within 6 months after resuscitation.

Reagents and animals

Matrigel was purchased from BD Biosciences. VEGF
was obtained from Kurabo. SK-216 (Supplementary Fig.
S1) was chemically synthesized and supplied by Shizuoka
Coffein Co., Ltd.. Inhibitory activity of SK-216 on PAI-1
was investigated using previously published methods
(24) and the ICs; was determined to be 44 pumol/L as
reported in international patent WO04/010996. Breeding
pairs of the homozygous PAI-17/~ mouse strain on a
CB7BL/6 background were purchased from The Jackson
Laboratory. Age- and sex-matched WT C57BL/6 mice
were purchased from the Charles River Laboratories.
Animals were maintained according to guidelines for the
ethical use of animals in research at Hiroshima University
(Hiroshima, Japan).

Preparation of LLC cells stably expressing PAI-1-
siRNA or NS-siRNA

To stably express siRNA in LLC cells, we used an
shRNA expression vector containing a neomycin-resistant
gene: pSINsi-mU6 (TaKaRa). Synthetic oligonucleotides
to express shRNA were annealed and ligated into the
linearized pSINsi-mUé vector. The sequences of the oli-
gonucleotides for shRNA fo generate PAI-1-siRNA and

NS-siRNA were as follows: 5-GATCCGCCAACAA-
GAGCCAATCACATAGTGCTCCTGGTITGTGTGATTG-
GCTCTTGTTGGCTTTTTTAT-3 and 5-GATCCGTC-
TTAATCGCGTATAAGGCTAGTIGCTCCTGGTTGGCC-
TTATACGCGATTAAGACTTTTITTAT-3, respectively.
These pSINsi-mU6 cassette vectors were transfected into
293 cells by the use of Retrovirus Constructive System
Eco (TaKaRa), and the recombinant retroviral vectors
containing the expression cassettes of PAI-1-siRNA and
NS-siRNA were collected. These retroviral vectors were
infected into LLC cells and followed by selection with
G418 (Promega), LLC cells stably expressing PAI-1-
siRNA or NS-siRNA (siPAI-1 or siControl LLC cells,
respectively) were prepared.

Quantitative real-time PCR

Total RNA was isolated with RNeasy Mini Kits (Qia-
gen). The isolated total RNA was reverse transcribed into
cDNA using a High Capacity RNA-to-cDNA Kit (Applied
Biosystems) following the manufacturer’s instructions.
Quantitative real-time PCR (qRT-PCR) was conducted on
an ABI Prism 7700 (Applied Biosystems) for mouse PAI-1
using B-actin as a control housekeeping gene.

Quantification of PAI-1 protein

Total PAI-1 secreted into culture medium for 24 hours
was measured using an ELISA kit (Innovative Research)
following the manufacturer’s instructions. The minimum
detection limit of this ELISA kit was 0.02 ng/mL.

Immunchistochentical staining of PAI-1

Immunohistochemical analysis of PAI-1 was conduc-
ted as described in the Supplementary Materials and
Methods.

Subcutaneous tumor model

The indicated cells (1 x 10%) were subcutaneously inoc-
ulated in the left flank of mice. For SK-216 experiments, the
mice were given drinking water containing or lacking SK-
216 (100 or 500 ppm). Until 14 days after the inoculation,
the length and width of the tumors were measured using a
caliper twice a week and tumor volume was calculated
using the formula: width® x length x 0.5 (25).

Tail vein metastasis model

The indicated cells (3 x 10°) were injected into mice
through the tail vein. For SK-216 experiments, the mice
were given drinking water containing or lacking SK-216
(100 or 500 ppm). Mice were euthanized 21 days after the
cell injection and the number of grossly identified tumor
nodules on the surfaces of the lungs was manually counted.

Evaluation of microvessel density in subcutaneous
tumors

Tumor sections were incubated with a rabbit polyclonal
antibody against mouse CD31 (Abcam) followed by 30-
minute reaction with a biotinylated goat anti-rabbit
immunoglobulin G (IgG) antibody (Vector Laboratories).
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