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renchyma and air trapping. The detection of elastolysis, as
demonstrated on Elastica van Gieson staining, in the pa-
tient’s tissues supports the presence of parenchymal destruc-
tion by ESS cells. Bronchiolitis and ensuing air trapping
during cystic formations have been implicated in the pulmo-
nary manifestations of Sjtgren’s syndrome and other diffuse
cystic lung diseases (10). Morgan et al. reported the poten-
tial of an elastic recoil force from normal alveolar tissue
around a demolished area to cause thin-walled cysts (11).
This mechanism appears to support the finding that most
cysts remained intact in our patient, although the cavitary le-
sions and nodules composed of ESS cells disappeared fol-
lowing the administration of MPA therapy. However, the
disappearance of some cysts was noted, which indicates that
the air trapping generated by proliferating ESS cells along
small airways was dominant, whereas parenchymal damage,
if any, was minimal in some cysts.

The optimal treatment for low-grade ESS with pulmonary
metastasis has not been established as of yet. However, sev-
eral case reports have been published regarding the efficacy
of progesterone and aromatase inhibitors in the treatment of
metastatic Jow-grade ESS (12-16), and the guidelines for
uterine neoplasms proposed by the Japan Society of Gyne-
cologic Oncology recommend the use of hormonal therapy,
including progesterone and aromatase inhibitors, in cases of
recurrent low-grade ESS (17). For such patients, the median
overall survival from recurrence is 41 to 62 months (12-16).
Qur patient has responded very well to MPA therapy, toler-
ating the treatment well with no adverse events for approxi-
mately five years. During this time, no new metastatic le-
sions have been identified. Consistent with the findings of
previous reports (12-16), MPA therapy should be the first-
line therapy for pulmonary metastases of low-grade ESS.

In conclusion, our patient with pulmonary metastasis of
low-grade ESS 11 years after hysterectomy and bilateral
salpingo-oophorectomy, manifested cystic, nodular and cavi-
tary lesions simultaneously. Each of these radiologic find-
ings individually is known to reflect pulmonary metastasis
of low-grade ESS; however, the coexistence of these imag-
ing features should also be considered indicative of pulmo-
nary metastasis of low-grade ESS in cases involving a past
history of resection of “leiomyoma of the uterus.”
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Iwakami S-i, Seyama K, Takahashi K. Genistein attenuates
hypoxic pulmonary hypertension via enhanced nitric oxide signal-
ing and the erythropoietin system. Am J Physiol Lung Cell Mol
Physiol 306: L996-L.1005, 2014, First published April 4, 2014;
doi:10.1152/ajplung.00276.2013,—Upregulation of the erythropoi-
etin (EPOYEPO receptor (EPOR) system plays a protective role
against chronic hypoxia-induced pulmonary hypertension (hypoxic
PH) through enhancement of endothelial nitric oxide (NO)-mediated
signaling. Genistein (Gen), a phytoestrogen, is considered to amelio-
rate NO-mediated signaling. We hypothesized that Gen attenuates and
prevents hypoxic PH. In vivo, Sprague-Dawley rats raised in a
hypobaric chamber were treated with Gen (60 mkg/kg) for 21 days.
Pulmonary hemodynamics and vascular remodeling were ameliorated in
Gen-treated hypoxic PH rats. Gen also restored cGMP levels and phos-
phorylated endothelial NO synthase (p-eNOS) at Ser''?7 and p-Akt at
Ser* expression in the lungs. Additionally, Gen potentiated plasma
EPO concentration and EPOR-positive endothelial cell counts. In
experiments with hypoxic PH rats’ isolated perfused lungs, Gen
caused NO- and phosphatidylinositol 3-kinase (PI3K)/Akt-dependent
vasodilation that reversed abnormal vasoconstriction. In vitro, a com-
bination of EPO and Gen increased the p-eNOS and the EPOR
expression in human umbilical vein endothelial cells under a hypoxic
environment. Moreover, Gen potentiated the hypoxic increase in EPO
production from human hepatoma cells. We conclude that Gen may be
effective for the prevention of hypoxic PH through the improvement
of PI3K/Akt-dependent, NO-mediated signaling in association with
enhancement of the EPO/EPOR system.

pulmonary hypertension; genistein: erythropoietin; endothelial nitric
oxide synthase; phosphatidylinositol 3-kinase

CHRONIC ALVEOLAR HYPOXIA 1 likely to initiate hypoxic pulmo-
nary vasoconstriction (32) and chronic structural remodeling of
those vessels, possibly contributing to chronic hypoxia-in-
duced pulmonary hypertension (hypoxic PH) (39). In fact, the
presence of PH at diagnosis of respiratory diseases is consid-
ered a critical determinant of prognosis (2, 6). The endothelial
dysfunction that accompanies hypoxic PH has been attributed
to a decreased production and release of the endothelium-
derived vasodilator, primary nitric oxide (NO) (21). NO is
produced mostly by endothelial NO synthase (eNOS), and
“efficient production of NO requires the phosphorylation of
eNOS (p-eNOS) at Ser'!”7 by serine/threonine kinase Akt, a
downstream target of phosphatidylinositol 3-kinase (PI3K) (7,
11, 28). Although the expression of eNOS and production of
NO declined in hypoxic PH patients (13, 14), the opposite
condition—enhancement of NO production or preservation of
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eNOS expression, as well as phosphorylation—actually less-
ened the progress of hypoxic PH (29).

Hypoxic polycythemic responses to erythropoietin (EPO)
have long been believed to raise pulmonary vascular resis-
tance, leading to the development of PH and failure of the right
heart. However, polycythemia did not augment the severity of
hypoxic PH in some experiments with rats (30). Additionally,
an important, protective role for the vascular EPO/EPO recep-
tor (EPOR) system was found to offset insultus from chronic
hypoxia and ischemia (37, 38). EPOR is expressed on cardio-
myocytes, cardiac fibroblasts, endothelial cells, and vascular
smooth muscle cells (22). The phosphorylation of EPOR gen-
erates a variety of signaling molecules, such as PI3K (10),
which inhibit apoptosis, induce cell proliferation, and promote
p-eNOS (1, 43). In vivo, EPO treatment beneficially reduced
the severity of pulmonary vascular and cardiac remodeling of
the subjects with experimental PH (31, 44). In endothelial
cells, both EPO and hypoxia increased EPOR and eNOS
expression (3). In addition, a combined treatment with EPO and
sildenafil acted synergistically to restore endothelial function after
hypoxic exposure (12). These results indicate that the EPO/EPOR
system has potential as a new therapeutic agent by virtue of
its ability to activate NO-mediated signaling in victims of
hypoxic PH.

Genistein (Gen), a phytoestrogen derived from soybeans and
tested in numerous studies, has been shown to have vasodila-
tive and cardioprotective effects. Gen enhanced eNOS activity
and NO-mediated vasorclaxation, not only in the systemic circu-
fation (40) but also in pulmonary arteries, independently of any
estrogen-mediated mechanism (18). In addition, we previously
found that a 21-day treatment with Gen significantly attenuated
the development of monocrotaline (MCT)-induced PH in rats,
another model of PH, by restoring eNOS expression (16). There-
fore, this study was designed to investigale whether treatment
with Gen would attenuate hypoxic PH through amelioration of the
EPO/EPOR system and NO-mediated signaling.

MATERIALS AND METHODS

Animals and exposure to chronic hypoxia. All experimental and
surgical procedures were approved by the Institutional Committee for
“Use and Care of Laboratory Animals in Juntendo University”
(Hongo, Tokyo, Japan), in accordance with the U.S. National Insti-
tutes of Health “Guide for the Care and Use of Laboratory Animals.”
Experiments were performed with adult male Sprague-Dawley rats
(200-250 g) obtained from Charles River Laboratories (Yokohama,
Japan).

The pulmonary normotensive rats (the control group; NL) were
housed at the ambient barometric pressure (760 mmHg). Chronically
hypoxic pulmonary hypertensive rats (the experimental group; HL)
were housed in a hypobaric chamber (barometric pressure, ~380
mmHg; inspired O, tension, ~76 mmHg), which was flushed contin-
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uously with room air to prevent accumulation of CO», NHa, and H2O
for a period of 21 days, as described previously (25).

Animal experimental protocols. For these studies, rats were ran-
domly assigned to one of the following four groups (n = 6—8 animals
in each group) to be administered either vehicle or Gen (60 mg/kg;
Sigma Chemical, St. Louis, MO) (39): 1) control animals raised in
normoxia; 2) Gen-treated animals raised in normoxia; 3) control
animals raised in chronic hypoxia; 4) Gen-treated animals raised in
chronic hypoxia. For treatment, Gen was dissolved in a mixture of
DMSO (Sigma Chemical) and polyethylene glycol (PEG; Sigma
Chemical). Rats were given subcutaneous injections of Gen or vehicle
(100 i of a mixture containing 1.25% DMSO and 98.75% PEG)
daily throughout the experiments.

The efficacy of dietary Gen by gavage was also evaluated through-
out the additional experiments. The Gen dosage of 60 mg/kg by
gavage once/day was given to rats during hypoxic exposure for 3 wk.
For comparison of the plasma concentrations of Gen between the
control sample, subcutaneous and dietary delivery was examined by
using the Gen TR-FIA (Labmaster, Aura, Finland) at the end of
hypoxic exposure.

Hemodynamic measurements. Animals were anesthetized by intra-
peritoneal injection with pentobarbital sodium (15 mg/kg) and im-
planted with catheters in the pulmonary and right carotid arteries and
right jugular vein, as described previously (16). Right ventricular
systolic pressure (RVSP) and systemic arterial pressure (SAP) were
measured with a polygraph system (AT-600G cardiotachometer; Ni-
hon Kohden, Tokyo, Japan).

Measurement of RV hypertrophy. Each heart was dissected to
assess the severity of PH. An index of RV hypertrophy was calculated
as the ratio of wet weight of the RV wall to wet weight of the left
ventricular (LV) wall plus septum (RV/LV + S).

Morphological studies. At the end of each hemodynamic study, the
rats were killed with an overdose of pentobarbital sodium, and the
thorax was opened. After blood samples were drawn from the right
ventricle, the heart and lungs were removed en bloc, The trachea was
intubated, and the left lung was inflated with 10% formalin at 36 cm
H>0O pressure and fixed in the inflated state for 3 days. The right lung
was frozen in liquid nitrogen for further molecular analysis.

Sections of pulmonary arteries were treated with elastic van Gieson
stain for morphometric analysis of the arteries’ medial-wall thickness
to assess the degree of their muscularization, as described previously
(16). In each tissue section, at least 50 consecutive arteries (>30 pm
external diameter) were examined at X400 magnification using an
image analysis system (KS8400; Carl Zeiss Imaging Solutions GmbH,
Hallbergmoos, Germany). The medial-wall thickness was measured at
two locations of each artery and calculated according to the following
formula: (medial-wall thickness/external diameter) X 100 (in per-
cent).

Pulmonary sections were also stained with EPOR antibody (1:50,
anti-EPOR; Santa Cruz Biotechnology, Dallas, TX) to quantitate the
EPOR immunoreactions. The paraffin-embedded, formalin-fixed lung
specimens were washed and incubated with EPOR antibody over-
night, followed by a 30-min incubation with the secondary antibody
(1:300, biotinylated goat anti-rabbit 1gG; Dako, Produktionsvej, Den-
mark). The color reaction was performed with 3,3-diaminobenzine.
For quantitative analysis of the proportion of the EPOR immunore-
action, we counted the number of EPOR-positive endothelial cells of
all endothelial cells in 50 consecutive pulmonary arteries within a size
of 30-120 pm external diameter.

Vascular responses in isolated perfused lung. The rapid vasodila-
tive effects of Gen were investigated in isolated perfused rat lungs, as
described previously with minor modifications (24, 25). Lungs were
harvested from NL and HL rats (n = 6—8 animals in each group) and
ventilated with 21% 02-5% CO,-74% N and perfused in a recircu-
lating system. Effluent perfusate was drained from LV cannula into a
perfusate reservoir, and the perfusate reservoir volume was monitored
continuously. The perfusate was a physiological salt solution contain-
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ing 116.3 mM NaCl, 54 mM KCl, 0.83 mM MgSO4, 19.0 mM
NaHCO;3, 1.04 mM NaH,POs, 1.8 CaCl,. 2 H20, and 5.5 mM
p-glucose (Earle’s balanced solution). Ficoll (4 ¢/100 ml, type 70;
Pharmacia, Uppsala, Sweden) was included as a colloid. Before
starting all experiments, 3.1 wmol/l sodium meclofenamate (Sigma
Chemical) was added to inhibit synthesis of vasodilator prostaglan-
dins (27, 36).

Initial experiments compared the vasoconstriction in responses to
KCI (Sigma Chemical) of Tungs from NL and HL rats. After equili-
bration, 5~20 mmol/l KCl was added to the perfusate in a concen-
tration-response fashion every 5th min. Higher concentrations of KCl1
were not used because they caused lung edema. We next tested
whether Gen has acute vasodilative effects against KCl-induced
vasoconstriction in NL and chronic hypoxia lungs. At the peak of the
KCI pressor response, 30 pwmol/l Gen or vehicle (DMSO) was added
to the perfusate. We also tested whether N¢-nitro-1-arginine (NLA;
Sigma Chemical), an inhibitor of NOS, blocks the vasodilative re-
sponse to Gen. NLA (200 pmol/l) was added to the perfusate at 20
min after administration of Gen or vehicle. Vascular effects were
analyzed by measuring baseline perfusion pressure, peak KCI pressor
response, the ratio of spontaneous (vehicle) or Gen-induced vasodi-
lation to the KCl-induced vasoconstriction, and NLA-induced vaso-
constriction. The ratio of vasodilation was calculated by dividing the
decrease in pressure occurring from the addition of either vehicle or
Gen to the perfusate at the peak of the KCl pressor xespomc by the
magnitude of the KCl pressor response.

To confirm further the mechanism in vascular responses to Gen, we
examined whether the vasodilative effect of Gen was mediated by a
PI3K/Akt-dependent pathway. LY294002, a specific PI3K inhibitor
(10 pmol/l; Cayman Chemical, Ann Arbor, MI), was added to the
perfusate at the peak of the KCI pressor response before the admin-
istration of Gen in separate experiments. Then, the alteration in
vasodilative effect of Gen caused by the PI3K inhibitor was calculated
as the ratio of vasodilation. To control for differences in vasoreactivity
over time of perfusion, the inhibitor, antagonist, or respective vehicle
was administrated identically with respective time.

¢GMP measurement by enzyme immunoassay. cGMP levels in lung
tissue were determined by the ¢cGMP enzyme immunoassay (EIA;
Cayman Chemical), according to the manufacturer’s instructions, as
described previously (20). The sample ¢cGMP concentration was
determined (as fmol/mg tissue) using the equation obtained from a
standard curve. Each sample was evaluated in duplicate, and the
process was repeated three times.

Western blots. Frozen lung tissues and pulmonary arteries were
homogenized in lysis buffer containing 10 mM Tris-HCl, pH 7.6, 1
mM EDTA, 1% Triton X-100, and 1 mM protease inhibitor cocktail
(Roche Diagnostics, Indianapolis, IN) using a tissue homogenizer,
Samples were centrifuged for 15 min at 15,000 g at 4°C, and the
supernatant protein concentration was estimated using a Micro BCA
Protein Assay Reagent Kit (Pierce Biotechnology, Rockford, IL).
Equal amounts of protein suspensions were separated electrophoreti-
cally on 5~10% SDS-polyacrylamide gels and transferred to polyvi-
nylidene difluoride transfer membranes (GE Healthcare UK, Buck-
inghamshire, UK). Subsequently, the membranes were provided with
anti-eNOS antibody (BD Biosciences, Franklin Lakes, NJ) or anti-p-
eNOS (Ser''7; Cell Signaling Technology, Danvers, MA). Signals
were visualized by the ECL Prime detection system (Amersham
Biosciences, GE Healthcare, Uppsala, Sweden). The protein bands
were quantified using Image] software (version 1.43u).

Cells and cell cwlrure. Human umbilical vein endothelial cells
(HUVECS; Clonetics, Walkersville, MD) were cultured in 25-cm?®
flasks with a phenol red-free endothelial basal medium-2 (Lonza,
Walkersville, MD) Bullet Kit, supplemented with endothelial growth
medium 2 (Lonza, Basel, Switzerland) containing 5% FBS and
cytokines. The human hepatoma cell line (HepG2; American Type
Culture Collection, Manassas, VA) was cultured in DMEM contain-
ing 10% FBS. The medium was changed each day, and cells were
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used within three to five passages, Cells were incubated under both
21% (normoxia) and 1% (hypoxia) oxygen for 48 h and were washed
in HEPES buffer before exposure to hypoxia,

Combined treatment with Gen and EPO and protein analysis of
HUVECs. HUVECs were cultured with the medium, which was
replaced with or without 5 U/ml EPO and 10 pmol/l Gen for a 48-h
exposure to the normoxia or hypoxia environment, Cells were washed
and scraped from the plate, and the lysate was centrifuged for 15 min
at 15,000 g at 4°C. The supernatant protein concentration was then
estimated using a Micro BCA Protein Assay Reagent Kit (Pierce
Biotechnology),

Measurement of EPO production in the culture supernatant of
HepG2 cells under hypoxia. HepG2 cells were plated at a density of
5 X 10% cells/35 mm dish. At 24 h after the onset of culture, the
medium was replaced with or without 10 pM Gen and then incubated
for 48 h of exposure to normoxia or hypoxia. EPO protein concen-
tration in the HepG2 cell culture supernatant was determined by
chemiluminescent EIA by using Access EPO (Beckman Coulter,
Brea, CA) as described previously (5).

GENISTEIN ATTENUATES HYPOXIC PH VIA ENHANCED NO AND EPO

Data analysis. Data are presented as means £ SE. Statistical
analysis was done by unpaired /-test or one-way ANOVA, followed
by Tukey’s multiple comparisons test, or two-way ANOVA, followed
by the Bonferroni test (Prism 5; GraphPad Software, San Diego, CA).
Differences were considered significant at P < 0.05.

RESULTS

Treatment with Gen ameliorated hypoxic PH by restoring
hemodynamics, preventing RV hypertrophy, and averting vas-
cular remodeling. Exposure to conditions of chronic hypoxia
caused severe PH; that is, HL rats had 50.6 * 4.32 mmHg of
peak RVSP compared with 9.6 &= 0.74 mmHg of peak RVSP
in NL rats (P < 0.05, n = 11~12). Gen significantly attenu-
ated the elevation of RVSP in HL rats but did not affect the
peak RVSP in NL rats (Fig. 1A). SAP and heart rates (HR)
were similar in alt groups (Fig. 1, B and €). The severity of PH
was confirmed further by RV hypertrophy (RV/LV + S); that
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is, the RV value of 0.52 *+ 0.02 in HL rats was increased
significantly over that of 0.25 * 0.01 in NL rats (P < 0.05,n =
11~12). Gen diminished the increase in RV/LV + S in the HL
bearers but did not affect their NL counterparts (Fig. 1D).

Dietary Gen by gavage also attenuated the magnitude of
RV/LV + 8 but did not affect the elevation of RVSP in HL rats
(Fig. 1, E and F). However, dietary Gen did not alter RVSP or
RV/LV + § in the NL group. The plasma concentration was
lower in gavage than in subcutancous delivery (27.1 £ 21.2
nmol/l, 970.3 & 549.7 nmol/l, and 398.2 £ 338.8 nmol/l, respec-
tively, for control, subcutaneous, and gavage delivery; P < 0.05,
n = 5-T7/each group). The coefficient of variation of the concen-
trations were 77.9%, 56.7%, and 85.1%, respectively, for control,
subcutaneous. and gavage delivery (Fig. 1G).

In the hypoxic condition, medial-wall thickness of muscular
pulmonary arteries corresponding to terminal bronchioles was
increased significantly when compared with that of NL ani-
mals. However, Gen treatment reduced the increase in medial-
wall thickness of each vessel (vessel diameter of 30~60 pm,

60~120 pm, and >120 pwm) in HL rats (Fig. 2, A-D).

Gen restores cGMP levels and preserves p-eNOS at Ser'!””
in hypoxic PH. To determine the cellular and molecular mech-
anisms used by Gen to lessen experimental hypoxic PH, we
guantitated cGMP levels in lungs of all four groups used here.
The ¢cGMP levels in the whole lung were clearly lower in HL.
compared with NL tissues; comparatively, Gen preserved
c¢GMP levels in lungs from the HL group. However, Gen
increased cGMP levels slightly but not significantly in lungs
from the NL group (P < 0.05, n = 6~8; Fig. 3A).

To examine the effects of Gen on eNOS and Akt activity, we
assessed the p-eNOS at Ser' 77 and p-Akt at Ser*’? in lungs and
pulmonary arteries. The representative Western blot analyses
of lung homogenates are shown in Fig. 3, B—E. Although
protein expression of eNOS or Akt, respectively, was increased
or unaltered, the p-eNOS at Ser'’”’ and p-Akt at Ser*”
decreased significantly in not only lungs but also pulmonary
arteries from HL compared with NL rats. Gen attenuated the
decrease in expression of p-eNOS but not p-Akt in the lungs
manifesting HL but increased the expression of both p-eNOS
and p-Akt in pulmonary arteries from the HL group. These
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Fig. 2. Gen attenuated the chronic hypoxia-induced increase in medial-wall thickness of. pulmonary arteries corresponding to terminal bronchioles (image of
elastic van Gieson-stained section; A). B: vessel diameter of 3060 wm; C: vessel diameter of 60-120 pm; D: vessel diameter of >120 pum. Values are mean *

SE: # = 5 animals/group. *P < 0.001 vs. NL; 1P < 0.001 vs. HL.
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results snggest that Gen restored the expression of both p-
eNOS and p-Akt selectively in pulmonary arteries.

Gen causes rapid vasodilation in isolated perfused lungs
from NL and HL rats. In preparation for analyses of vasocon-
striction and dilation, baseline levels were established. In
12~16 animals/group, we noted that the perfusion pressure
was higher in vessels from HL rats (7.93 * 0.37 mmHg) than
in NL rats (6.25 *£ 0.28 mmHg; P < 0.05, n = 12~16).
Subsequently, KCl caused a concentration-dependent vasocon-
striction that was greater in the HL group compared with NL
animals (Fig. 4A). These results suggested the presence of

increased vascular tone and abnormal vasoconstriction in pul-
monary vessels during the course of HL. However, in the
presence of KCl-induced vasoconstriction, Gen caused a sim-
ilar extent of vasodilation in NL and HL vessels (Fig. 48).
Rapid vasodilative effect of Gen is abolished by either NLA
or a specific PI3K/Akt kinase inhibitor. The effect of Gen-
induced vasodilation on KCl-induced vasoconstriction was
abolished completely after NLA administration into the lungs
of NL and HL rats (Fig. 4C). Pretreatment with 1.Y294002, a
specific PI3K/Akt kinase inhibitor, blunted the vasodilative
effect of Gen significantly in both the NL and HL (Fig. 4D).

AJP-Lung Cell Mol Physiol - doi:10.1152/ajplung.00276.2013 + www.ajplung.org



GENISTEIN ATTENUATES HYPOXIC PH VIA ENHANCED NO AND EPO

»

Bl

g B *

¢mmidgy

o

L1001

Fig. 4. A: concentration-dependent, cumula-
tive effects of KCl on baseline perfusion
pressure in NL and HL lungs. Values are
mean * SE: n = 12-16 animals/group.
#P < 0.05 vs. NL. B: Gen caused similar

% of dilation of the KCI constriction
f o

A ingragse of perfusion pressure after KO

* 1 A
M wwhicle NL Gon ML vebicle HL Gon

vasodilation against KCl-induced vasocon-
striction between NL and HL rat lungs. *P <
0.05 vs. HL vehicle; 1# < 0.05 vs. NL
vehicle. C: the vasodilative effects of Gen on
KCl-induced vasoconstriction were abolished
completely by NY-nitro-i-arginine (NLA) in
NL and HL rat lungs. D: 1.Y294002 (LY), a
specific phosphatidylinositol 3-kinase inhibi-
tor, blocked the vasodilative effect of Gen in
lungs of both NL and HL rats. Values are
mean £ SE; n = 6-8 animals/group. *P <
0.05 vs. HL. Gen; TP < 0.05 vs. NL Gen.

i

T .

s
g 2
4 G b
= = £
£ a0 g o
g 5 -
i N o
g V4

D and
g 304 s
£ b
E c
A &
£ S 20
E oo £
= ¥ * < 4
[ Vi T Y T T CEE
& NLGee NLNLA HL Gen  HLNLA #®

These results suggest that the mechanism of a Gen-induced
vasodilative effect was dependent on eNOS but, at least in part,
mediated through the PI3K/Akt pathway.

Gen increases hemoglobin concentration, hematocrit levels,
EPO production, and EPOR-positive endothelial cell counts of
pulmonary arteries in hypoxic PH. Prolonged exposure fo a
hypoxic condition caused a significant increase of the hemo-
globin (Hb) concentration and hematocrit (Hcet) levels
(17.10 * 1.50 g/dl and 51.30 £ 4.16%, respectively) in the HL,
group above that in NL subjects (13.24 + 1.12 g/dl and
39.72 * 3.81%, respectively; P < 0.0001, n = 5-6). Gen
potentiated the hypoxic increase of Hb concentration and Hct
levels (Fig. 5, A and B).

Similar to the rise in Hb concentrations and Hct levels, Gen
potentiated the increases of serum EPO levels and percentages
of EPOR-positive endothelial cells. That is, EPO was 18.98 =
6.45 mU/ml for HL vs. 40.73 * 14.82 mU/ml for HL. Gen (P <
0.05, n = 8), and percentages of EPOR-positive endothelial
cell counts were 20.84 = 7.38% for HL vs. 33.32 *+ 6.06% for
HL Gen (P < 0.0001, n = 4~6; Fig. 5, C-E). However, Gen
did not affect Hb concentrations, Hct levels, EPO levels, or
EPOR-positive endothelial cell counts in the NL groups.

EPO combined with Gen increases the p-eNOS at Ser'’””
and EPOR expression in HUVECs under hypoxic exposure.
Since exogenous EPO (5 U/ml) and hypoxia (2% O,) for 48 h
increased expression of eNOS and EPOR in HUVECs (3), we
examined whether Gen (10 pmol/I) would potentiate the p-
eNOS at Ser!'”” and the expression of EPOR in cultured
. HUVECs for 48 h under 1% O, exposure with EPO (5 U/ml).
Whereas 10 pmol/l Gen but not 5 U/ml EPO increased the
p-eNOS at Ser'!”7, the combined administration of EPO and
Gen further potentiated the p-eNOS at Ser'!”7 under hypoxic
exposwe (Fig. 64). In addition, 10 pmol/l Gen alone and the

1 ¥
NL Gen NL GonslY HL Gen MU GanslY

combination of 10 wmol/l Gen and 5 U/ml EPO but not EPO
alone upregulated EPOR protein expression, as shown by
Western blot analysis in HUVECs under hypoxic exposure
(Fig. 6B).

Hypoxia and Gen further increase EPO production in HepG2
cells. The human hepatoma cell lines, HepG2 and Hep3B, are
widely used models for studying the production of EPO under
hypoxic conditions. The mechanism is dependent on normal
glycosylation of EPO, accumulation of cAMP, and interaction
of ¢cGMP and NO (26, 42). In our experiments, 1% O,
exposure for 48 h induced a significant increase in EPO
production in the culture medium from HepG2 cells compared
with cells in a state of normoxia. Resulting values were 1.20 +
0.00 mU/ml for normoxia vs. 5.57 = 1.40 mU/ml for hypoxia
(P < 0.05, n = 4). The addition of Gen (10 pmol/l) enhanced
the production of EPO in HepG?2 cells under hypoxic exposure
(9.63 = 2.37 mU/ml for hypoxia Gen vs. 5.57 = 1.40 mU/ml
for hypoxia: P < 0.05, n = 4; Fig. 6C). However, Gen did not
affect EPOR expression in HUVECs or EPO production in
HepG2 cells under normoxic exposure.

DISCUSSION

In the present study, we demonstrate clearly that Gen is
capable of attenuating hypoxic PH by correcting its chronic
structural remodeling component and also its abnormal vaso-
constrictive component in the lungs. In addition, for the first
time, we showed that the EPO/EPOR system and PI3K/Akt
pathway are likely contributors to the ability of Gen to improve
NO-mediated signaling.

In the pathogenesis of hypoxic PH, reduced NO-mediated
vasodilation is a major factor in the impairment of endothelial-
dependent vasodilation (15). This impaired vasodilation occurs

AJP-Lung Cell Mol Physiol + doi:10.1152/ajplung.00276.2013 « www.ajplung.org



L1002

GENISTEIN ATTENUATES HYPOXIC PH VIA ENHANCED NO AND EPO

*
*
A 251 ) B &0 * C s +
t
N * 60- " 407
3 o1 3 I _g_ 304
T 104 X 8 20
i
& 204 104
C L] ¥ C ¥ L O L) 1]
NL NL Gen HL NL NL Gen HL NL NL Gen HL HL Gen
E
8 x
©
T 407 t
&
S
& 0 *
2
£ 204
[o]
a.
iéf 10
i
‘5
2 NL NL Gen HL HL Gen

Fig. 5. Gen-upregulated chronic hypoxia-induced increases in (A) serum hemoglobin (Hb) and (B) serum hematocrit (Het). Gen potentiated the chronic
hypoxia-induced increases in serum erythropoietin (EPO) levels (€). Values are mean & SE; n = 56 animals/group. *P < 0.05 vs. NL; P < 0.05 vs. HL.
Representative microscopic images, immunohistochemical staining with the EPO receptor (EPOR) antibody, show localization of endothelial cells in pulmonary
arteries from formalin-fixed, paraffin-embedded rat lung tissues (D) and percentages of EPOR-positive endothelial cells (£). D: arrows indicate the
EPOR-positive endothelial cells, E: values are mean = SE: n = 5~6 animals/group. *P < 0.05 vs. NL: 7£ < 0.05 vs, HL.

in not only chronically hypoxic animal models but also patients
with chronic obstructive lung disease and pulmonary arterial
hypertension (4, 19). The defect in responsiveness to endothe-
lium-dependent vasodilation is thought to be a consequence of
reduced cGMP activity and of downstreamn NO production in
hypoxic PH (8). In other words, the normalizing of NO-
mediated signaling may contribute to attenuating hypoxic PH.

Chronic hypoxia-induced EPO production is a critical factor
in the proliferation of red blood cells, and this response is
traditionally believed to raise pulmonary vascular resistance,
leading to the development of PH. In that context, the vascular
EPO/EPOR system was recently invoked as a novel therapeutic
target for cardiovascular disease (37). p-EPOR initiates a variety
of signaling pathways, including PI3K, which is involved in
NO-mediated signaling (23). In addition, in vivo studies showed
that the effect of EPO on eNOS may be a physiologically relevant
mechanism to counterbalance hypoxia (3).

The beneficial effects of Gen on cardiovascular diseases (9,
41) have been established and featured less toxicity and drug

interactions than other treatments. Studies have shown that
Gen interacted with vascular endothelial cells directly and
increased NO production independently via an estrogen-medi-
ated mechanism (31a, 45). We found that Gen significantly
downregulated the development of MCT-induced PH by re-
storing eNOS expression in the lungs (16). These results
indicate the strong potential of Gen as a therapeutic option for
patients with hypoxic PH by virtue of its ability to mediate NO
signaling and the EPO/EPOR system.

Long-term treatment with Gen restored normalcy to pulmo-
nary hemodynamics and vascular remodeling, whereas a sin-
gle dose of Gen produced rapid vasodilation to counterbalance
vasoconstriction in this model. In experiments with isolated
lungs perfused with a physiological salt solution, HL rats
underwent elevations of baseline pressure, presumably pro-
duced by the increase in pulmonary resistance, resulting from
vasoconstriction and vascular remodeling. In addition, the
greater KCI pressor response of these HL animals indicated
augmentation of abnormal vasoconstriction, probably caused
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Fig. 6. A: representative Western blots of
protein in p-eNOS at Ser'*”” of human um-
bilical vein endothelial celis (HUVECS) af-
ter 1% Os exposure for 48 h (fop) and each
densitometric quantification calculated as a
percent of eNOS protein (bottom). Whereas
10 pmol/l Gen but not 5 Ufml EPO in-
creased p-eNOS at Ser'?7’, the combination
of 5 U/ml EPO and 10 pmol/l Gen further
potentiated the p-eNOS at Ser!'”” under hy-
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blots of protein in EPOR of HUVECs at 48
h of 1% O, exposure (fop) and each densi-
tometric quantification calculated as a per-
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by boosting vascular tone in subjects exposed long-term to a
low-oxygen environment.

Gen administered directly into the isolated perfused lung
vielded a virtually immediate vasodilative effect that offset the
abnormal augmentation of vascular tone in HL lungs. Since
Gen-induced vasodilation was reduced by the NOS and PI3K
inhibitors, apparently such vasodilation is dependent on PI3K/
Akt- and NO-mediated signaling.

The present study showed that Gen suppressed the elevation
of RVSP without causing systemic hypotension, reduced the
HR, and prevented vascular remodeling in whole pulmonary
arteries. It is generally agreed that the exacerbation of right heart
failure caused by the elevation of RVSP and the systemic hypo-
tension occurring after a decrease in cardiac output predispose PH
patients to a fatal outcome. Because Gen did not affect the
systemic blood pressure or the HR, Gen is a potentially useful
agent for the prevention and treatment of hypoxic PH.

Mechanisms of Gen in preventing PH. We found that Gen
restored levels of cGMP and p-eNOS at Ser'!”” and p-Akt at
Ser*”? in hypoxic lungs and pulmonary arteries. The protein
kinase Akt has been proposed to phosphorylate eNOS at
Ser' and to increase eNOS activity in response to various
stimuli in vascular endothelial cells (7), whereas Gen activated
eNOS through a PI3K/Akt-dependent mechanism in pulmo-
nary arterial endothelial cells (45). For the first time, however,
the present study of HL rats demonstrated that Gen treatment
upregulated the PI3K/Akt pathway in the lungs and pulmonary

EPOR under hypoxic exposure. Values are
mean £ SE. *P < 0.05 vs. normoxia; 7P <
0.05 vs. hypoxia vehicle; P < 0.05 vs.
hypoxia EPO. C: hypoxia increased EPO
- production, and 10 pmol/t Gen then poten-
tiated the hypoxic increase of EPO produc-
tion in the human hepatoma cell line (HepG2
cells) in all of the triplicate experiments.
Values are mean £ SE. *P < 0.05 vs.
normoxia; TP < 0.05 vs. hypoxia vehicle,

Hypoxia

arteries. Since the vasodilative effect of Gen was abolished by
administration of a NOS or PI3K/Akt inhibitor in isolated
perfused lungs, Gen treatment may be attributable to the
improvement of NO-mediated signaling, mostly through an
Akt-dependent mechanism. In fact, Gen restored the p-eNOS at
Ser''77 and p-Akt at Ser*” in hypoxic lungs manifesting PH
and pulmonary arteries from HL rats.

Here, Gen treatment enabled an increase in Hb concen-
tration and Hct levels in association with upregulation of
EPO in serum and EPOR expression in endothelial cells of
pulmonary arteries. The mechanism of action of Gen in
pulmonary vasculature may function through the EPO/
EPOR system. In vitro, 10 pmol/l Gen increased the p-
eNOS at Ser'*’7 and EPOR expression in hypoxic HUVECs,
as well as the production of EPO in hypoxic HepG2 cells.
With the consideration of these results, Gen treatment may
improve eNOS activities and upgrade the EPO/EPOR sys-
tem, even though hypoxia is present.

Although our results raise the possibility that eNOS and the
EPO/EPOR system are needed to improve each other under
Gen treatment, the precise mechanism of their interaction is
still unclear. The interaction of NO and ¢cGMP is one of the
pathways of hypoxia-induced stimulation of EPO gene expres-
sion (26). Administration of NLA, a NOS inhibitor, inhibited
EPO production, although pretreatment with r-arginine pre-
vented the inhibition (17). Whereas EPO increased eNOS
transcription and activity through phosphorylation at Ser'!”’
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(3), transgenic mice overexpressing EPO produced increased
amounts of eNOS activity (34). Since that observation is
compatible with ours, the present study suggests that Gen may
be effective in promoting the EPO/EPOR system, thereby
ameliorating the interaction between EPO and eNOS.

Limitations. There are limitations of this study. First, in
isolated perfused lung experiments, we used a Hb-free physi-
ological saline solution for perfusate. It has the possibility that
the half-life of circulating NO is able to prolong and that the
decreased clearance of NO may enhance the dilator response (o
Gen, Second, although the PH model demonstrated several
main features of hypoxic PH, such as vascular remodeling and
endothelial dysfunction, no plexiform lesions were seen, which
is a hallmark feature of vasculature in pulmonary arterial
hypertension and fatal PH patients, in the present study. Third,
the cardiac output was not estimated directly as hemodynamic
measurements. Although Gen demonstrated no obvious effects
on systemic blood pressure and HR, we cannot exclude a
possibility that decreased cardiac output may contribute (o the
reduction of RVSP. Fourth, in in vitro studies, HUVECs and
the HepG2 cell line did not necessarily accord with pulmonary
arterial endothelial cells because of some difference of prop-
erty between them. Fifth, the present study did not delineate the
exact relationship between the increase in p-Akt at Ser*”* and
p-eNOS at Ser''””. Finally, the efficacy of Gen by other
delivery, for example, dietary or inhalation, should be exam-
ined, because subcutaneous delivery was not necessarily per-
tinent. There raises a possibility of Gen as a promising option
for treatment of hypoxic PH, since dietary Gen also attenuated
RV hypertrophy of HL animals. However, contrary to subcu-
taneous delivery, dietary Gen did not affect the elevation of
RVSP of HL animals. Although the reason of discrepancy was
unclear, the lower and more inconsistent plasma concentration
of dietary Gen may account for the different effects between
subcutaneous and dietary delivery. On the other hand, as gut
absorption and metabolism influenced large individual varia-
tion of plasma concentrations of Gen (33), suitable delivery of
dietary Gen could answer these concerns. Further studies are
required to elucidate these questions.

Conclusions. In the pathogenesis of hypoxic PH, endothelial
cell dysfunction, characterized by the impairment of NO-
mediated signaling, has been suggested to provoke abnormal
vasoconstriction and vascular remodeling. Enhancement of the
EPO/EPOR system in hypoxic conditions is thought to be a
purposeful alteration that ameliorates endothelial function
through upregulation of NO-mediated signaling. Our present
study demonstrated for the first time that Gen, a phytoestrogen
derived from soybeans, attenuated hypoxic PH by preventing
vasoconstriction and chronic structural remodeling through
restoration of NO-mediated signaling. In addition, Gen treat-
ment enhanced the EPO/EPOR system function in the lungs
and endothelial cells of pulmonary arteries from subjects with
hypoxic PH. From these cumulative results, we envision that
Gen may orchestrate the restoration of PI3K/Akt-dependent,
NO-mediated signaling and enhancement of EPO/EPOR func-
tion, thereby preventing hypoxic PH. Based on our results and
previous studies, combined with further examination and clin-
ical studies, we propose that Gen may be an effective and safe
option for the treatment of patients with hypoxic PH.
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Characterization of pulmonary cysts in Birt-Hogg-Dubé syndrome: histopathological and
morphometric analysis of 229 pulmonary cysts from 50 unrelated patients

Aims: To characterize the pathological features of
pulmonary cysts, and to elucidate the possible mecha-
nism of cyst formation in the lungs of patients with
Birt~Hogg-Dubé syndrome (BHDS), a tumour sup-
pressor gene syndrome, using histological and mor-
phometric analyses.

Methods and results: We evaluated 229 lung cysts
from 50 patients with BHDS and 117 from 34
patients with primary spontaneous pneumothorax
(PSP) for their number, size, location and absence or
presence of inflammation. The BHDS cysts abutted on
interlobular septa (88.2%) and had intracystic septa
(13.6%) or protruding venules (39.5%) without cell
proliferation or inflammation. The frequencies of
these histological characteristics differed significantly

from those seen in the lungs of patients with PSP
(P < 0.05). Although the intrapulmonary BHDS cysts
were smaller than the subpleural BHDS cysts
(P < 0.001), there was no difference in size between
them when there was no inflammation. The number
of cysts diminished logarithmically and the proportion
of cysts with inflammation increased as their individ-
ual sizes became greater (P < 0.05).

Conclusions: These results imply that the BHDS cysts
are likely to develop in the periacinar region, an ana-
tomically weak site in a primary lobule, where alveoli
attach to connective tissue septa. We hypothesize that
the BHDS cysts possibly expand in size as the alveolar
walls disappear at the alveolar-septal junction, and
grow even larger when several cysts fuse.

Keywords: alveolar-septal junction, cell-matrix interaction, folliculin, mechanical stresses, TGF-3
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introduction

Birt-Hogg-Dubé syndrome (BHDS) is an autosomal
dominant disorder characterized by hamartomas of
the hair follicle, renal tumours, and multiple lung
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cysts accompanying spontaneous recurrent pneamo-
thorax." The FLCN gene responsible for BHDS was
cloned in 2002, but the function of folliculin, the
protein encoded by FLCN, is not completely clear.
Several studies have shown that the function of folli-
culin-binding proteins (FNIP1 and FNIP2} involves
5'-AMP-activated protein kinase (AMPK) and the
mammalian target of rapamycin {mTOR) pathway,
and that a complete loss of folliculin function leads to
BHDS-associated tumorigenesis through dysregulation
of AMPK and the mTOR pathway.>®

Clinically, approximately 85% of BHDS patients
have fibrofolliculoma diagnosed by histological test-
ing of skin or lung cysts detected by CT imaging of
the chest; additionally, 29-34% of these patients
have renal tumours visible by CT imaging.!? On
molecular analysis, BHDS-associated renal tumours
have a somatic mutation of a second copy of
FLCN,'® whereas fibrofolliculomas of BHDS patients
do not necessarily have FLCN loss of heterozygosity
(LOH), indicating that haploinsufficiency of FLCN
leads to tumour-like lesions of the hair follicle.*! In
contrast to the kidney and skin lesions, neither
tumour formation nor proliferation of abnormal cells
has ever been reported as a feature of the pulmo-
nary manifestations, for which multiple cysts consti-
tute the sole abnormality in both radiological and
pathological studies. In addition, as for fibrofolliculo-
mas, the high penetrance of lung cysts'™'? may
indicate that the latter occur through haploinsuffi-
ciency of FLCN, and that LOH analysis of cysts is
not as useful as it is for renal tumours and fibrofolli-
culomas.

The mechanism of cyst formation in BHDS is not
well understood. Therefore, we believe that it is nec-
essary to define the histopathological findings for
these cysts and underlying parenchyma f{rom a large
number of BHDS patients. Previously, in lung speci-
mens from such patients, bullae or blebs were found
with underlying emphysematous changes,’* ' thin-
walled cysts were surrounded by normal paren-
chyma,'®'® or the cysts showed a predominance of
type II pneumocyte-like cuboidal cells.* However, the
number of BHDS patients examined in these studies
was small, and the focus might have been on pleural
or subpleural cysts, the pathological findings for
which would be significantly influenced by
pneumothorax and pneumothorax-associated inflam-
mation.

Here, we report the histological and morphometric
characteristics of 229 lung cysts from 50 patients
with BHDS, the largest cohort ever included in an
investigation of the lung pathology of this disorder.

Pathological features of lung cysts in BHDS 101

Materials and methods

Lung specimens were obtained from 50 Asian
patients (49 Japanese and one Chinese) with BHDS
from the archives or consultation files in the Pneu-
mothorax Centre, Tamagawa Hospital, and Division
of Respiratory Medicine, Juntendo University Faculty
of Medicine and Graduate School of Medicine
(Table 1). BHDS was diagnosed by the use of FLCN
genetic tests, as described previously.'”?° The age
(median) at operation in the 50 patients was
38.5 years, ranging from 24 to 66 years (38 years,
ranging from 27 to 50 years, in 19 men; 41 years,
ranging from 24 to 66 years, in 31 women)
(Table 1). Thirteen patients were smokers, four were
ex-smokers, 30 had never smoked, and three lacked
any documented smoking history. A total of 229
lung cysts (79 in men; 150 in women) were identi-
fied in the 350 tissue sections that we examined.

Lung tissues were obtained using video-assisted
thoracic surgery (VATS), undertaken for the treat-
ment of pneumothorax or for the diagnosis of cystic
lung diseases, and were then appropriately inflated,
and fixed with 10% buffered formaldehyde. After rou-
tine preparation, the formalin-fixed paraffin-embedded
tissues were sectioned and stained with haematoxylin
and eosin and Elastica-Masson trichrome (EM) or
Elastica~Van Gieson (EVG) stains. We evaluated
chronic inflammation in each cyst on low-power
magnification (x4 objective lens attached to a BX51
microscope; Olympus, Tokyo, Japan): the presence of
cellular inflammation was defined as the accumula-
tion of lymphocytes or plasma cells; the presence of
fibrous inflammation was defined by the presence of
dense (sub)pleural scars and/or fibrotic lung tissue
with replacement of architecture.?! We measured the
maximum diameter of each cyst on the sections
stained with EM or EVG by using the ocular micro-
meter on a microscope (U-OCM10/100; Olympus) or
micrometer callipers on a glass slide (Shinwa, Nag-
oya, Japan).

As a control for the analysis of pulmonary cysts,
lung tissues were used from 34 Japanese patients pre-
senting with primary spontaneous pneumothorax
(PSP) to the Japanese Red Cross Medical Centre. The
median age of these 34 patients was 24 years, rang-
ing from 18 to 30 years (33 men, and one woman
aged 25 years). All of the 117 cysts associated with
PSP were diagnosed as bullae and/or blebs.

Statistical analysis was performed using the Mann-
Whitney U-test and x’-test (statmate LI for Windows;
ATMS, Tokyo, Japan), or the Kruskal-Wallis test
(1M spss sramistics; IBM Japan, Tokyo, Japan). A
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Table 1. Summary of Birt-Hogg-Dubé syndrome cases

Age Smoking No. of tissue No. of

No (years) Sex history  Location FLCN mutation sections cysts  Other findings
1 38 M S Exon 4 c.119delG 7 2

2 38 F S Exon § ¢.328C>T 1 1

3 38 F S Intron 5 c.396 + 1G=>A 3 3

4 29 M N Intron § ¢.397-2A>C 8 1

5 36 F U Exon 6 ¢.397-13_397-4delGGCCCTCCAG 1 3

6 37 F U Exon 6 c.402delC 2 3

7 39 F S Exon 7 ¢.769_771delTCC 7 8

8 40 F N Exon 7 c.769_771delTCC 9 8

9 47 F N Exon 8 ¢.853C>T 7 1 Fibrosis

10 38 F N Exon 9 c.889_890delGA 7 5

12 48 F N Exon 9 ¢.932_933delCT 6 3

11 44 F N Exon 9 ¢.991_992dupTC 10 11

13 48 M N Exon 9 ¢.997_998delTC 8 4

14 34 M S Intron 9 ¢.1063-2A>G 8 8 Emphysema
15 53 F N Exon 10 ¢.1063-10_1065delTCTTGTTTAGGTC 5 6

16 24 F S Exon 11 ¢.1285dupC 6 1

17 29 M S Exon 11 ¢.1285dupC 4 2

18 33 F N Exon 11 c.1285dupC 7 1 Granuloma
19 35 F S Exon 11 c.1285dupC 7 13
20 35 M N Exon 11 ¢.1285dupC 3 1
21 38 M S Exon 11 ¢.1285dupC 5 3

22 39 M 8 Exon 11 ¢.1285dupC 12 8
23 41 F N Exon 11 ¢.1285dupC 20 9
24 43 F N Exon 11 c.1285dupC 4 8
25 47 F N ‘Exon 11 ¢.1285dupC 6 1
26 50 M N Exon 11 ¢.1285dupC 10 6
27 62 F N Exon 11 c.1285dupC 4 1
28 64 F S Exon 11 ¢.1285dupC 24 15 Granuloma
29 3t F N Exon 12 ¢.1347_1353dupCCACCCT 5 4
30 32 M U Exon 12 ¢.1347_1353dupCCACCCT 3 7

© 2014 The Authors. Histopathology Published by John Wiley & Sons Lid, Histopathology. 65, 100-110.
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Age Smoking No. of tissue No. of
No (years) Sex history Location FLCN mutation sections cysts  Other findings
31 38 F N Exon 12 ¢.1347_1353dupCCACCCT 15 5
32 42 F S Exon 12 c.1347_1353dupCCACCCT 7
33 43 F S Exon 12 ¢.1347_1353dupCCACCCT 7 5
34 43 F N Exon 12 ¢.1347_1353dupCCACCCT 5 6
35 45 F N Exon 12 c.1347_1353dupCCACCCT 8 4
36 48 M S Exon 12 ¢.1347_1353dupCCACCCT ] 4
37 57 F N Exon 12 ¢.1347_1353dupCCACCCT 5 4
38 66 F N Exon 12 ¢.1347_1353dupCCACCCT 4 2 Emphysema
39 46 M N Exon 12 ¢.1429C>T 5 2
40 32 F N Intron 12 c.1433-1G>T 8 7
46 43 M N Exon 13 c.1489_1490delGT 4 1
41 26 F S Exon 13 c.1533_1536delGATG 1 1
42 27 M 8 Exon 13 c.1533_1536delGATG 5 1
43 34 M N Exon 13 ¢.1533_1536delGATA 15 6
44 35 M S Exon 13 ¢.1533_1536delGATG 21 8
45 38 M N Exon 13 ¢.1533_1536delGATG 4 3
47 29 M N Exon 14 ¢.1539-7_c. 1740 + ?del 8 v 8
48 46 M N Exon 14 ¢.1539-?_¢. 1740 + ?del 6 6
49 31 F N Exons 9-14  ¢.872-?_c.1740 + ?del 8 2
50 58 F N Exons 9-14  ¢.872-7_c.1740 + ?del 1 1

N, never smoker; S, current smoker; U, unknown.

P-value of <0.05 was considered to be statistically
significant. This stady was approved by the ethical
committee in Juntendo University School of Medicine
{No. 17053) and by the ethical committee for clinical
studies in the Japanese Red Cross Medical Centre (No.
429).

Results
HISTOLOGICAL CHARACTERISTICS

The lung tissues obtained from 45 of 50 patients with
BHDS had normal parenchyma, whereas those from
the other five had centrilobular emphysema (two
patients), granulomas (two patients) or fibrosis (one
patient) in the parenchyma (Table 1, and data not

shown). Macroscopic findings demonstrated that the
lung cysts, which occasionally contained intracystic
septa, had very thin and translucent walls, and were
surrounded by normal lung parenchyma in all
patients (Figure 1A and B). The intracystic septa seen
in 13.6% of BHDS cysts were composed of interlobu-
lar septa, and venules protruding into the cyst
{observed in 39.5% of BHDS cysts) sometimes showed
regression of surrounding connective  tissue
(Figure 1C). The anatomical and histological findings
were characterized by the [ollowing features
(Table 2). Half of the lung cysts were located in the
subpleural area (Figure 1D), and the remainder in
the intrapulmonary area (Figure 1E); the cysts abut-
ted on interlobular septa but rarely on bronchioles.
The BHDS cysts, especially those located in lung

© 2014 The Authors. Histopathology Published by John Wiley & Sons 11d, Histopathology, 65, 100-110.
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Figure 1. Representative pathological findings of pulmonary cysts from patients with Birt-Hogg-Dubé syndrome (BHDS). A, A cyst in the
subpleural area has, macroscopically, a very thin, translucent wall with an intracystic septum indicated by a white arrow (scale bar:

5 mm). B, The cyst shown in A was located in the area adjacent to an interlobular septum including pulmonary veins, and has a very thin
intracystic septum (indicated by the black arrow) (Blastica-Masson trichrome stain). C, Vessels in the interlobular septa frequently protrude
into the cyst. Note that the connective tissue surrounding one of the of the vessels is decreased {indicated by a small black arrow) (Elastica—~
Masson trichrome stain). D, Two subpleural cysts abut on an interlobular septum (small arrowheads), and the opposite side of each cyst wall
is composed of thin pleural wall (CL indicates a centrilobular area). E, An intrapulmonary cyst abuts on an interlobular septum (large
arrowheads), and the other side of the cyst wall is composed of thin alveolar wall (CL indicates a centrilobular area.). P, Approximately half
of all cysts that we examined in this study were composed of normal alveolar walls with neither cell proliferation nor inflammatory cell infil-
trates (* indicates intracystic arca). However, some cysts from BHDS have inflammation, and representative photomicrographs of subpleural
cysts are presented in G and H. In G, the basal side of a subpleural cyst abuts on an interlobular septum without inflammation, whereas its
pleural side shows thickened visceral pleura with fibroblast proliferation. In H, the very thin wall of a subpleural cyst shows but lymphocyte

infiltration but no fibrous thickening.

parenchyma, were not at all or little affected by
inflammation, including fibrosis (Figure 1F), although
approximately one-third of subpleural cysts showed
mild inflammation, including fibroblast proliferation
(Figure 1G) and lymphocyte infiltration (Figure 1H).
The pulmonary cysts of BHDS patients showed far
more clearly defined pathological features than the
pulmonary cysts (bullae or blebs) of PSP patients, and
differences were statistically significant (Table 2). In
BHDS patients: (i) cysts were present in both subple-
ural and intrapulmonary areas; (ii) cysts frequently
abutted on interlobular septa, often had venules pro-
truding into the cyst, and occasionally accompanied
intracystic septa, suggesting the periacinar develop-
ment of cysts in a primary lobule; and (iii) cysts usu-

ally had no sign of inflammation, especially those in
intrapulmonary areas. ‘

BHDS and PSP patients were then compared for
the pathological features (inflammatory site and type)
of subpleural cysts with inflammation (Figure 2).
Most cysts from PSP patients were located in subple-
ural areas and had inflammatory infiltrates. Subpleur-
al BHDS cysts that were inflamed were less likely to
have such inflammation (especially of the fibrous
type) at a basal site (i.e. proximal part of a subpleural
cyst) (Table 3). The most prominent feature of subple-
ural BHDS cysts that distinguished them from PSP
cysts was the former’s almost complete absence of
fibrous inflammation in the basal area, with 94.8%
sensitivity and 92.2% specificity.

Table 2. Comparison of the numbers of cysts in lung specimens from patients with Birt-Hogg-Dubé syndrome (BHDS) and

primary spontaneous pneumothorax (PSP) [no. (% )]

Histological findings

Cysts from BHDS patients (n = 229) Cysts from PSP patients (n = 117) xz ~test

Cysts located in

Subpleural area 116 (50.7) 115 (98.3) P < 0.001
Intrapulmonary area 113 (49.3) 2.7

Cysts abutting on

Interlobular septa 202 (88.2) 16 (13.7) P < 0.001
Bronchiole - 11 (4.8) 42 (35.9) P < 0.001
Intracystic septa 31 (13.8) 0(0) P < 0.001
Venules protruding into the cyst 90 (39.5) 2.7 P < 0.001
Cysts without inflammation

Total 125/229 (54.6) 2/117 (1.7 P < 0.001
Subpleural area 37/116 (31.9) 2/115 (1.7) P < 0.001
Intrapulmonary area 88/113 (77.9)% 0/2 (0) NS(P=0.177)

*P < 0.001 for comparison of the numbers of cysts without inflammation between the subpleural and intrapulmonary

areas.
NS, not significant.
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Figure 2. Representative photomicrographs showing cyst-associated cellular and/or fibrous inflammation: A, no inflammation (from an in-
trapulmonary cyst in Birt-Hogg-Dubé syndrome, BHDS: note that the cyst abuts on an interlobular septum in the upper area); B, cellular
inflammation (from a subpleural cyst in BHDS); C, fibrous inflammation (from bullac in primary spontancous pneumothorax, PSP); and D,
cellular and fibrous inflammation {from bullae in PSP).

MORPHOMETRIC ANALYSIS

We examined the histological features of cysts in
terms of size and location in the lung parenchyma.
The maximum diameter of cysts associated with
BHDS ranged from 1.0 to 15.7 mm (median:
3.8 mm), and two-thirds of them had diameters of
<5 mm. A histogram depicting our analysis of size
shows that the number of the cysts logarithmically
diminished as the maximum cyst size increased [cor-
relation coefficient for the fitted curve, y = —23.3 In
(x) + 63.0, R?* = 0.925] (Figure 3). In addition, the
proportion of cysts with inflammation increased as
the maximum cyst size increased. However, no
significant difference was noted in maximal cyst size
between men and women [median 4.0 mm (range

1-15.7 mm) versus 3.5 mm (range 1.0-13.2 mm),
P = 0.6908] or between patients with or without a
history of smoking [median 4.0 mm (range
1.0-12.6 mm) versus 3.4 mm (range 1.0-15.7),
P = 0.1508]. Statistical significance was evident for
the larger size of subpleural cysts than of intrapulmo-
nary cysts [median 5.0 mm (range 1.0-15.7 mm)
versus 3.0 mm (range 1.0-9.8 mm), P < (0.0001]
and for the larger size of cysts with inflammation
than of those without inflammation [median 4.7 mm
(range 1.1-15.7 mm) versus 3.3 mm (range 1.0~
9.8 mm), P < 0.0001]. When we evaluated the influ-
ence of location or inflammation on maximum cyst
size, the results demonstrated that subpleural cysts
with inflammation were significantly larger than
those without inflammation. However, the size of in-
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Table 3. Comparison of the numbers of subpleural cysts with inflammation in Birt-Hogg-Dubé syndrome (BHDS) and pri-
mary spontaneous pneumothorax (PSP). Inflammation was examined with regard to the location of the cyst (pleural or

basal site) and type of inflammation (cellular or fibrous)

Inflammation at pleural

Inflammation at basal site,

‘. [ 9,
No. of subpleural No. of cysts with site, no. (% ) no. (4 )
cysts examined inflammation (% ) Cellular Fibrous Cellular Fibrous
BHDS 116 79 (68.1) 75 (64.7) 55 (47.4) 19 (16.4) 6 (5.2)
PSP 115 115 (100) 73 (63.5) 115 (100) 56 (48.7) 106 (92.2)
X2~ test P < 0.001 P=0.852 P < 0.001 P < 0.001 P < 0.001
50 15
TTwithout infammation BEEZAW th iflam maton
Bl With inflammation
4 Without inflammation P <0.001 ]
01 P <001
= P <008
8 E 10
S g
“5 Y ME
5 ,% f T 1
£ 3 T T
2 E 5
E
<
w©
=
- .
0
4 6 & 10 12 1416 18 N=gs  M=25  N=37  N=79

Maximum diameter (mm)

Figure 3. Distribution of the maximum diameter of pulmonary
cysts in patients with Birt-Hogg-Dubé syndrome. Black and grey
columns indicate the numbers of pulmonary cysts with and with-
out inflammation, respectively. )

trapulmonary cysts was not affected by the presence
or absence of inflammation, and the size of subpleural
cysts without inflammation resembled that of non-
inflamed intrapulmonary cysts (Figure 4).

Discussion

We have demonstrated the unique histological char-
acteristics of pulmonary cysts from 50 unrelated
patients with BHDS, the largest cohort ever included
in a study of lung pathology focusing on BDHS. Our
results show that pulmonary BHDS cysts are: (i) sur-
rounded by normal alveolar walls; (ii) abut on inter-
lobular septa; and (i) may have intracystic septa
and/or protrusion of venules into the cystic space,
indicating disappearance of the surrounding alveolar
wall and/or regression of connective tissue of inter-
lobular septa. These histological characteristics can

Intrapulmonary cysts Subpleural cysts

Figure 4. Comparison of the maximum diameters of intrapulmeo-
nary and subpleural cysts in patients with BHDS,

differentiate BHDS from other cystic lung diseases.
For example, tuberous sclerosis complex (TSC)-associ-
ated lymphangioleiomyomatosis (LAM) always shows
LAM cell proliferation in the cyst walls. In other
hereditary cystic lung diseases, such as cystic fibrosis,
Ehlers-Danlos syndrome, and Marfan syndrome,
patients have non-specific cystic lesions with cellular
or fibrous inflammation.??>* In the non-hereditary
lung cystic diseases, including Langerhans cell
histiocytosis, amyloidosis, Sjogren syndrome, and
lymphocytic interstitial pneumonia, infiltration of
inflammatory cells and/or matrix deposition always
occurs.?’

The present study clearly establishes that neither
inflammation nor cell proliferation contributes to cyst
formation in patients with BHDS, because most of
their cysts, especially intrapulmonary BHDS cysts that
do not suffer from the secondary effects of pneumo-
thorax, show neither inflammation nor abnormal cell
proliferation. As the majority of BHDS cysts are

© 2014 The Authors. Histopathology Published by John Wiley & Sons Ltd, Histopathology. 65, 100-110.
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located far from bronchioles, the mechanism for cyst
formation in BHDS is less likely to be associated with
a check-valve mechanism, which is supposedly opera-
tive on cyst formation in PSP, smoking-related dis-
eases, Sjogren syndrome, and other non-hereditary
cystic lung diseases. We have demonstrated in the
present study that most of the imtrapulmonary BHDS
cysts (88/113, 77.9%) lack inflammation, whereas
only approximately one-third of the subpleural cysts
(37/116, 31.9%) have no inflammation (Table 2).
Accordingly, we think that most, if not all, of the
inflammatory changes observed were associated with
pneumothorax. It has already been well described
that pneumothorax causes pleural inflammation at
the pleural side of the cyst, but not at the basal
side.”® In addition, an animal experiment clearly
showed that repeated injection of air into the pleural
space caused inflammation and the formation of ‘neo-
membranes’ composed of fibroblasts and collagen that
was variably covered by proliferation of mesothelial
cells.?” In addition, the finding that the BHDS cysts
without inflammation had no significant difference in
size, irrespective of whether they were subpleural or
intrapulmonary (Figure 4), suggests that inflamma-
tion secondary to pneumothorax is likely to contrib-
ute to the subsequent growth of subpleural cysts in
BHDS. Interestingly, we have demonstrated a loga-
rithmic decline in the number of cysts as the size of
individual cysts increases. Possibly, the fusion of
small cysts resulted in the enlargement that we
noted. This process may also explain how intracystic
septa develop in BHDS cysts, as abutting cysts could
fuse with intervening interlobular septa. In this con-
text, the protrusion of venules into ~40% of the BHDS
cysts may have been caused not only by the disap-
pearance of alveolar walls adjoining interlobular
septa, but also by regression of their surrounding
connective tissue in the septa.

The mechanism for development of pulmonary
cysts in BHDS has been discussed in several reports.
Graham et al.'* speculated that a genetic abnormality
was responsible for postnatal alveolar proliferation of
the peripheral lung, on the basis of pathological
examination of three BHDS non-smokers, as they
found cysts predominantly in the subpleural area.
Warren et al.*® found that FLCN was expressed in
type I pneumocytes and stromal cells, including fibro-
blasts and macrophages in the lungs, and hence pro-
posed a possible role for functional abnormalities of
these folliculin-expressing cells in cyst formation.
Recently, Furuya et al.® reported that dysregulation
of the mTOR pathway resulting from haploinsufficien-
cy of FLCN may induce cyst formation through

proliferation of type II pneumocytes. However, the
above mechanisms were deduced from an examina-
tion of limited numbers of lung specimens, and are
therefore unlikely to fit the histopathological features
of BHDS cysts and lungs defined after detailed analy-
sis of the much larger specimen sample presented
here. For example, cysts are present not only in sub-
pleural areas but also in parenchyma, and most cysts
have neither cellular proliferation nor inflammation,
especially cysts in the parenchymal area, where sec-
ondary changes resulting from pneumothorax would
not affect the pathological findings, in contrast to
cysts at subpleural sites. In addition, when bullae/
blebs are affected by pneumothorax, they will usually
have reactive proliferation of type II pneumocytes. If
proliferation of type Il pneumocytes were actively
involved in cyst formation, those cysts would show
no predilection for the location and distribution
recorded here; instead, they should be detectable not
only in the area surrounded by interlobular septa,
but also in the centrilobular area. Furthermore, one
would expect cyst formation to proceed by proteolysis,
as in smoke-related inflammatory diseases, collagen
diseases, and neoplastic discases such as LAM.*’
Otherwise, the proliferation of type II pneumocytes
might form a lung tumour, like multifocal microno-
dular pneumocyte hyperplasia occurring via dysregu-
lation of the mTOR pathway in patients with TSC.'®
However, in the present study, lung specimens from
BHDS patients showed no destruction of lung archi-
tecture by either proliferating type II pneumocytes or
inflammation, indicating that BHDS cysts may not
develop through proliferation of type II pneumocytes
or proteolysis mediated by proliferating type II
prneumocytes.

Presumably, considering the wunique histological
characteristics of BHDS cysts defined by the present
study, almost all cysts abutting on interlobular septa
without significant inflammation should ensue natu-
rally from the inherent mechanism of cyst formation.
In this context, we postulate that FLCN mutation
results in abnormalities at the alveolar-septal junc-
tion. Several reports have described folliculin, the pro-
tein encoded by FLCN, as a regulator of TGF-B
signalling, especially TGE-B,*? or cell-cell adhesion
through the interaction with adherence junction pro-
tein.>! TGF-B, is involved in epithelial-mesenchymal
interactions, cell growth, the production of extracellu-
lar matrix proteins, and tissue remodelling during
development or normal subepithelial matrix homeo-
stasis.>>>® Warren et al.”® demonstrated that FLCN
mRNA was strongly expressed in stromal cells
within the connective tissue and weakly in type I
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