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Background. Lung resection after induction chemo-
therapy and/or radiotherapy for down-staging of lo-
cally advanced lung cancer can be complicated with
lethal interstitial pneumonia. We studied the effects of
pneumonectomy on bleomycin-induced lung injury
and fibrosis in mice.

Methods. The mice underwent left pneumonectomy
or a sham thoracotomy after intratracheal administra-
tion of saline or bleomyein. Lung permeability index,
wet-to-dry weight ratio, histological changes, collagen
contents, and concentrations of inflammatory media-
tors and cell counts in broncho-alveolar lavage (BAL)
fluid were assessed in the residual right lung 7 d after
surgery.

Results, The index of capillary permeability, lung
water content, and inflammatory cell counts in BAL
fluid were significantly increased by pneumonectomy.
These measurements were highest in the mice with
both pneumonectomy and intratracheal administra-
tion of bleomycin. Similarly, fibrotic change in lung
pathology, as well as an increase in lung collagen
content, was most prominent in the mice exposed to
both interventions. The BAL fluid concentrations of
interleukin-1g, interleukin-6, RANTES, and high mobil-
ity group box 1 were significantly increased by pneumo-
nectomy and enhanced by the additional administra-
tion of bleomycin.

Conelusions, The results of this study indicate that
pneumonectomy alone causes noncritical lung injury,
which amplifies the inflammatory response to bleomy-

'To whom correspondence and reprint requests should be ad-
dressed at Department of Surgery, Keio University School of Medi-
cine, 35 Shinanomachi, Shinjuku-ku, Tokyo, 160-8582, Japan. E-mail:
kohno@1993 jukuin.keio.ac.jp.

)

cin and promotes lung fibrosis. Several inflammatory
mediators appear to be involved in the exacerbation of
bleomycin-induced lung injury and fibrosis. o© 200
Elsevier Inc. All rights reserved.

Key Words: lung cancer; induction therapy; lung re-
section; acute lung injury/acute respiratory distress
syndrome (ALI/ARDS); high mobility group box 1;
bleomycin.

INTRODUCTION

Lung cancer remains a highly lethal disease in many
countries [1, 2]. Surgery offers the best chance for cure
in patients with non-small cell lung cancer (NSCLC) at
early stages [3]. However, only a few patients who have
NSCLC with mediastinal lymph-node involvement
(stage IIIA) are primary candidates for surgery alone.
Induction chemotherapy alone or in association with
radiotherapy has been applied to downstage the tu-
mors and improve both surgical resectability and long-
term survival for NSCLC at stage IIIA (4, 5. Although
there seems to be a general agreement that this strat-
egy contributes to improve outcome at this advanced
stage, the risks of complications in patients undergoing
lung resection after induction therapy remain contro-
versial [6, 7]. Some studies reported that the risk of
postoperative complications and mortality is higher
after induction therapy [7-9], whereas others observed
a short-term outcome comparable with that of patients
receiving surgery alone [6, 10]. The major causes of death
reported most frequently are acute lung injury/acute re-
spiratory distress syndrome (ALI/ARDS), pneumonia,
bronchopleural fistula, and empyema. Analyzing the

0022-4804/08 $36.00
@ 2008 Elsevier Inc. All rights reserved.
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literature, both postoperative morbidity and mortality
are higher after pneumonectomy (PNX) than after lo-
bectomy [9-12].

The increased rate of postoperative respiratory com-
plications in patients having undergone induction ther-
apy may be related to noninfectious diffuse lung damage
caused by induction chemotherapy and/or radiotherapy
[13, 14]. Radiotherapy-induced pulmonary toxicity with
impairment of diffusion capacity has been reported (7,
15, 16] as well as that induced by chemotherapeutic
agents, including bleomyein [17], mitomycin-C [18], gem-
citabine [19], and cisplatin [19, 20]. Reduction in lung
diffusion capacity after induction therapy is often sub-
clinical but could expose patients to a greater risk of
lung injury after surgery. The mechanisms underlying
these modifications are still unclear,

Bleomycin (BLM) is an anti-cancer drug that causes
diffuse alveolar injury and subsequent pulmonary fi-
brosis [21, 22]. Other investigators have observed that
(1) proinflammatory cytokines, such as tumor necrosis
factor (TNF)-q, interleukin (IL)-18, and IL-6, (2) C-C
chemokines, including monocyte chemoattractant pro-
tein (MCP)-1/CCLZ2, regulated on activation normal T
cell expressed and secreted (RANTES)/CCL5 and mac-
rophage inflammatory protein (MIP)-1a/CCL3, and
(3) C-X-C chemokine keratinocyte-derived chemokine
(KC)YCXCL1, are involved in BLM-induced lung in-
flammation and subsequent fibrotic process, including
the promotion of fibroblast proliferation and collagen
production [23-28]. In the present study, we adminis-
tered a low dose of BLM to the mouse lung as a model
of noninfectious diffuse lung damage followed by lung
resection.

High mobility group box 1 (HMGB1) protein, origi-
nally identified as a non-histone, chromatin-associated
protein, is also believed to possess proinflammatory prop-
erties [29]. Exposure of neutrophils or macrophages to
HMGRB1 induces nuclear translocation of nuclear factor-
kappa B (NF-«B) and the enhanced production of proin-
flammatory cytokines, including TNF-a and IL-18 [30,
31]. Other investigators have found HMGBI1 to be an
important late mediator of endotoxin shock, and of
various types of ALI [31-33]. Suda et al. have also
suggested that HMGB1 participates in the pathogene-
sis of postoperative organ system dysfunction after
exposure to a major surgical stress [34]. To the best of
our knowledge, the role of HMGBI1 in the inflammatory
changes after pulmonary resection has not been exam-
ined.

We studied here the effects of PNX on the develop-
ment of inflammatory responses and pulmonary fibro-
sis induced by BLM in mice. The concentrations of
TNF-«, IL-18, 1L-6, MCP-1, MIP-1a, RANTES, KC,
and HMGB1 were measured in broncho-alveolar la-
vage (BAL) fluid from the residual lung after PNX,
exposure to BLM, or both.

METHODS
Animal Preparations

Specific, pathogen-free, 8-wk-old, inbred, male C57BL/6 mice,
weighing 20-22 g, were purchased from CLEA Japan, Inc. (Tokyo,
Japan). The mice were kept in a 12-h light/12-h dark cycle with free
access to food and water. All mice received humane care, in compli-
ance with Guiding Principles in the Care and Use of Animals
adopted by the American Physiological Society. Experiments were
conducted in accordance with protocols approved by our Institutional
Review Board for animal studies, The mice were randomly assigned
to one of four experimental groups: (1) intratracheal saline admin-
istration followed by thoracotomy (control group), (2) intratracheal
administration of low dose BLM followed by thoracotomy (BLM
group), (3) intratracheal saline administration followed by left PNX
(PNX group), and (4) intratracheal administration of low dose BLM
followed by left PNX (BLM + PNX group).

Experimental Model

The mice were anesthetized with 100 mg/kg of ketamine and 10
mg/kg of xylazine administered subcutaneously. They were intu-
bated with an 18-gauge catheter and connected to a rodent ventila-
tor, adjusted to maintain a respiratory rate of 100 breaths/min,
10-mL/kg tidal volume, 2-em H,O positive end-expiratory pressure,
and 0.21 Fi0,. In the control group, 40 pL of saline was instilled into
the right lung through the intratracheal tube, followed by sham
operation. In the BLM group, 1.0 mg/kg of bleomyein hydrochloride
(Nippon Kayaku, Tokyo, Japan) suspended in 40 uL of saline was
instilled slowly into the right lung through the intratracheal tube,
followed by sham operation. In the PNX group, 40 uL of saline was
instilled into the right lung, followed by left PNX. In the BLM + PNX
group, 1.0 mg/kg of bleomycin hydrochloride suspended in 40 uL of
saline was instilled into the right lung, followed by left PNX. After
intratracheal administration of saline or BLM, intratracheal tube
was connected to the ventilator again. The chest was opened in all
experimental groups after waiting for the respiratory movement to
get stable for a few min. The left lungs were resected in the PNX and
BLM + PNX groups. The chest was closed so that the open chest time
was 5 min in all groups. And then the intratracheal tube was dis-
connected from the ventilator. Total duration of mechanical ventila-
tion for the whole surgical procedure was fixed at 10 min.

Surgical Procedures

A 20-mm-long posterolateral skin incision was made, followed by
thoracotomy in the fifth intercostal space with dissection of the
serratus anterior and a latissimus dorsi muscles. In the sham oper-
ation groups, thoracotomy was closed without lung resection. In the
PNX and BLM + PNX groups, the whole left lung was resected from
the pleural cavity. The left main bronchus with left pulmonary
artery and vein were ligated at the hilum with 5-0 silk before re-
moval of the lung. The tidal volume was reduced from 10 to 6 mL/kg
after the lung was removed. The fifth intercostal space was closed
with a single surgical suture, and the skin and musecle incisions were
closed with two sutures to avoid excessive tension on the muscles.
The duration of mechanical ventilation for the whole surgical proce-
dure was fixed at 10 min. All mice recovered quickly after extubation
and were maintained for 7 d, before being euthanized by injection of
100 mg/kg of ketamine and 10 mg/kg of xylazine, followed by exsan-
guination from the inferior vena cava, The lungs were resected, and
the blood was allowed to drain,

Bronchoalveolar Lavage Fluid

BAL was performed on the right lobes. The lungs were lavaged
twice with 0.5 mL of saline. The fluid recovery always exceeded 90%,
with no significant difference among groups. The BAL fluid was
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centrifuged at 3000 rpm for 15 min, and the supernatant was stored
at —80°C until later analyses. After centrifugation of the BAL fluid,
the cell pellet was resuspended in 1 mL of saline, and the cells were
counted hy hemacytometry (Unopet Microcollection System; Becton
Dickinson, Rutherford, NJ). The BAL cell smear was stained with a
modified Wright's staining system (Diff-Quick; American Scientifie
Products, MeGaw Park, IL), and 200 cells were randomly identified
for differential cell counts.

Measurements

Lung Wet-to-Dry Weight Ratio

The lung wet-to-dry weight (W/D) ratio was measured to study the
umpact of left PNX on the formation of edema in the right lung. After
their wet weight was measured, the right lower lobes were com-
pletely dried in a vacuum drying oven (DP22; Yamato Scentific,
Tokyo, Japan) at 95°C and -270 em H,0 for 48 h, to remove all
gravimetrically detectable water. The pulmonary water accumula-
tion was calculated as the W/D ratio.

Permeability Index

The permeability index, an index of alveolar epithelial and endo-
thelial permeability, was caleulated as the ratio of the concentration
of human serum albumin (Buminate; Baxter Healtheare Corpora-
tion, Glendale, CA), which was intravenously injected 1 h before
euthanasia, in BAL fluid to that in plasma.

Histological Examination

For histopathological examinations, the remaining lungs were
mflated with 10% buffered formalin at a pressure of 10 em H,0. The
lung tissue was embedded in paraffin and cut in 4-pm sections. The
sections. stained with hematoxylin and eosin or Masson's trichrome,
were prepared by standard techniques. The Asheroft scale was used
for the quantitative analysis of fibrotic changes induced by BLM [35].
Briefly, the grade of lung fibrosis was scored on a scale from 0 to 8 by
examining 10 randomly chosen fields per sample, at a magnification
of 100 by the same investigator, unaware of the experimental
protocol, The grades of lung fibrosis were assigned as follows: grade
0, normal lung; grade 1, = minimal fibrous thickening of alveolar or
bronchiolar walls; grade 3, moderate thickening of walls without
obvious changes in the lung architecture; grade 5, increased fibrosis
with definite changes in the lung structure and formation of fibrous
bands or small fibrous masses; grade 7, severe distortion of structure
and large fibrous areas; and grade 8, total fihrous obliteration of the
fields.

Collagen Assay

The total collagen content of the right lung was determined by
measuring the total soluble collagen, using the Sircol Collagen Assay
kit (Biocolor, Belfast, Northern Ireland) according to the manufac-
turer’s instructions. Briefly, the lungs were homogenized in 3 mL of
0.5 M acetic acid containing 1 mg of pepsin per 10 mg of tissue
residue. Each sample was incubated and stirred for 24 h. After
centrifugation, 100 uL of each supernatant was assayed. Then, 1 mL
of Sircol dye reagent that specifically binds to collagen was added to
each sample and mixed for 30 min. After centrifugation, the pellet
was suspended in 1 mL of alkali reagent (0.5 M NaOH) included in
the kit, and the absorbance measured at 540 nm with a spectropho-
tometer. The values in the test samples were compared with the
values obtained with standard collagen solutions provided by the
manufacturer and used to construct a standard curve.

HMGBI and Cytokine Measurements

Releod &

Enzyme bent assay (ELISA) was performed to
assess the HMGB1 rations in pl and BAL fluid, using
monoclonal antibodies to HMGB1 (Shino-Test. Co, Tokyo, Japan)
[86]. To examine the cytokine profiles in BAL fluid, we used a
suspension array technique (Bio-Plex; Bio-Rad Laboratories, Her-
cules, CA) for simultaneous measurements of IL-18, IL-6, KC,
MCP-1, MIP-1a, RANTES, and TNF-a.

Statistical Analysis

The statistical analyses were performed with the StatView-J 5.0
(Abacus Concepts Inc., Berkeley, CA) and Instat 3 (GraphPad Soft-
ware Inc., San Diego, CA) software. Data are expressed as means =
standard error. Comparisons of histological scores were examined by
Kruskal-Wallis nonparametric analysis of variance for factorial ex-
periments, followed by Dunn’s procedure for post hoc multiple com-
parisons analysis. The other data were analyzed by one-way analysis
of variance followed by Scheffe’s post hoc test for multiple compari-
sons. A P value <0.05 was considered statistically significant.

RESULTS

Increase in Lung W/D Ratio After Pneumonectomy and
Bleomycin Administration

There was a significant difference in the mean lung
W/D ratio between the control group and the other
three study groups (control versus BLM, P < 0.005;
control versus PNX, P < 0.05; control versus BLM +
PNX, P < 0.0001). However, there was no significant
difference in W/D ratio between the BLM and the PNX
group. There was also a significant increase in the W/D
ratio in the BLM + PNX group compared with the
BLM and the PNX groups (P < 0.01 and P < 0.001,
respectively; Fig. 1A).

Increase in Permeability Index After Pneumonectomy, and
After Pneumonectomy Plus Bleomycin Administration

Whereas there was no gignificant difference in per-
meability index between the control and the BLM
groups (P = 0.35), the increase in permeability index in
the PNX group compared with control group was sig-
nificant (P < 0.05), with an even greater difference
between the control and the BLM + PNX groups (P <
0.0001). The increases in permeability index in the
BLM + PNX group compared with the BLM group (P <
0.0005) and with the PNX group (P < 0.005) were also
significant (Fig. 1B).

Increase in Inflammatory Cell Accumulations After
Pneumonectomy and Bleomycin Administration

The total cell counts in BAL fluid increased signifi-
cantly in the BLM, PNX, and BLM + PNX groups
compared with the contral group (control versus BLM,
P < 0.001; control versus PNX, P < 0.005; control
versus BLM + PNX, P < 0.0001). In the BLM group,
neutrophils and macrophages were increased signifi-
cantly (both P < 0.05) compared with the control
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F1G. 1. Lungwet-to-dry (W/D) weight ratio (A) and permeability indices (B) assessed in the right lung of mice from the control, bleomyein
(BLM). pneumonectomy (PNX), and BLM + PNX groups 7 d after the intratracheal instillation of BLM and/or left PNX. Values are means +
SE; n = 8 in each group. *, P < 0.05

group. In the BLM PNX group, neutrophils (P <
0.0001), lymphoeytes (P < 0.01), macrophages (P <
0.0001), and total cell counts (P < 0.0001) were all
increased significantly compared with the control
group. Similarly significant increases were observed
between the BLM + PNX and the PNX alone groups
(neutrophils, P < 0.0001; lymphocytes, P < 0.05; mac-
rophages, P < 0.005; total cells, P < 0.0001), The
increases in the number of neutrophils (P < 0.0001)
and total cells (P < 0.0001) in the BLM + PNX
compared with the BLM group were also significant
(Fig. 2).

Enhanced Fibrosis After Pneumonectomy Plus
Bleomycin Administration

The histopathology of the right lung stained with
hematoxylin and eosin and with Masson’s trichrome in
the four experimental groups is illustrated in Fig. 3.
Slight septal thickening and infiltration of inflamma-
tory cells was present in the PNX group (Fig. 3C).
Alveolar septal thickening, characterized by intersti-
tial infiltration with inflammatory cells and fibro-
blasts, were apparent in the BLM group (Fig. 3B).
Collagen deposition was also detected by Masson’s
trichrome staining in the BLM group. However, fibro-
sis with distortion of normal lung architecture and
enlargement of alveolar spaces was most prominent in
the BLM + PNX group (Fig. 3D). The accumulation of
inflammatory cells was also greatest in the BLM + PNX
group. In the lungs stained with Masson’s trichrome, an
increased collagen deposition was distinct in the fibrotic
region. There was a significant difference in the lung
fibrosis scores between the control group and other
three groups (control versus BLM, P < 0.001; control
versus PNX, P < 0,01, control versus BLM + PNX, P <
0.001). The BLM + PNX group also revealed a signif-
icant increase in the Ashcroft fibrosis score compared
with the BLM group (P < 0.01) and the PNX group
(P < 0.001; Fig. 4).

Increase in Lung Collagen Content After Pneumonectomy Plus
Bleomycin Administration

Pulmonary fibrosis was further assessed by measur-
ing the collagen content in the right lung 7 d after BLM
administration and PNX (Fig. 5). The collagen content
was significantly increased in the BLM + PNX group
compared with the control group (108 = 25 versus 15 =
4 ng/mg of tissue, P < 0.001). There was no other
gignificant difference between the groups. The collagen
contents in the lung tissues of the BLM and the PNX
groups were 56 = 7 and 54 *= 8 ng/mg, respectively,
which were intermediate between those measured in
the control and the BLM + PNX groups.

Elevated HMGBI1 Level in BAL Fluid After Pneumonectomy

HMGBI levels in the BAL fluid were significantly
increased (P < 0.01 and P < 0.001, respectively) in the
PNX group (64 = 6 ng/mL) and the BLM + PNX group
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FIG. 3. Representative histological appearances of the right lung of mice from the control (A}, BLM (B), PNX (C), and BLM + PNX
(D} groups 7 d after intratracheal instillation of BLM and/or left PNX. The lung sections were stained with hematoxylin and eosin (H-E) to
evaluate injury and fibrosis, and with Masson's trichrome to detect the deposition of collagen (insets). Prominent fibrotic changes with
collagen deposition were observed in the BLM + PNX group (D), while similar, though less marked fibrotic changes are present in the BLM
group (B). The H-E staining shows infiltration of inflammatory cells in the BLM (B) and PNX (C) groups. The BLM + PNX group had more

prominent infiltration of inflammatory cells (D), Bars =

(72 *+ 8 ng/mL), compared with the control group (26 +
2 ng/mL). Furthermore, the difference in HMGB1 con-
centration in BAL fluid was also significant between
the BLM (45 * 6 ng/mL) and the BLM + PNX groups
(P < 0.05; Fig. 6).

Increased Cytokine and Chemokine Concentrations in BAL
Fluid After Pneumonectomy or Bleomycin Administration

The concentrations of TNF-e, IL-18, IL-6, MCP-1,
RANTES, MIP-1«, and C-X-C chemokine KC in the
BAL fluid were measured 7 d after instillation of BLM,
or PNX, or both (Fig, 7). The concentrations of IL-1p,
[L-6, and RANTES increased significantly after the
instillation of BLM only (P < 0.05, P < 0.05 and P <
0.0005, respectively) and after PNX only (P < 0.005,
P < 0,05, P < 0.001, respectively) compared with the
control group. In the BLM + PNX group, the concen-
trations of 1L-18, IL-6, KC, MCP-1, RANTES, and
MIP-1a increased significantly compared with the con-
trol group (P < 0.0001, P < 0.0001, P < 0.0001, P <
0.0001, P < 0.0001, and P < 0.005, respectively). There
was also a significant difference in the BAL fluid con-
centrations of IL-18, IL-6, KC, MCP-1, and RANTES
between the BLM and the BLM + PNX groups (P <

100 pm (outside the inset) or 50 pm (insets),

0.05, P < 0.0001, P < 0.0005, P < 0.005, and P <
0.0001, respectively), and a significant increase in I1-6,
KC, MCP-1, and RANTES between the PNX and the
BLM + PNX groups (P < 0.0001, P < 0.0001, P <
0.0005, and P < 0.0001, respectively). There were no
significant differences in TNF-a concentrations in BAL
fluid among the study groups on day 7.

DISCUSSION

The impact of PNX on noninfectious diffuse lung
injury induced by BLM was determined in the present
study. We found that PNX alone causes noneritical
lung injury, which enhances the inflammatory re-
sponse to BLM, and promotes subsequent fibrosis as-
sociated with the local up-regulation of several inflam-
matory mediators, such as HMGB1, IL-18, IL-6, and
RANTES. BLM is seldom used against NSCLC; how-
ever, it is reported that other cytotoxic agents such as
cisplatin, which is frequently used for induction ther-
apy, also cause diffuse lung damage [19, 20]. Our re-
sults suggest that similar mechanisms may underlie
postoperative lung injury in patients with induction
chemotherapy. The impact of pneumonectomy on lung
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inflammatory changes induced by cisplatin and/or
gemcitabine, which are widely used for the treatment
of lung cancer, should be investigated in future studies.

In the preliminary study, we have confirmed that
pneumonectomized mice recovered quickly after sur-
gery and survived more than several mo when they
were not exposed to BLM. However, in the present
work, pulmonary vascular hyperpermeability and lung
water accumulation with inflammatory cell accumula-
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tion and cytokine up-regulation developed in the resid-
ual lung 7 d after PNX alone. This occult injury in the
residual lung might not influence the outcome unless
other predisposing factor exists. We found that the
BLM-induced lung injury was exacerbated by PNX,
manifest by an increased vascular permeability, W/D
ratio, and leukocyte accumulation and by histological
changes in the remaining lung.

The dose of BLM administered into the lung was less
than one-third the amount which has been used in
previous studies of BLM-induced lung injury and fibro-
sis [37]. This was dictated by our preliminary experi-
ments, in which no mouse in the BLM + PNX group
survived for 7 d after having received the amount of
BLM described in previous reports. Therefore, we re-
duced the dose of BLM so that the mice survived for at
least 7 d after PNX and BLM instillation. This might
explain the lack of a significant increase in permeabil-
ity index or lung collagen content 7 d after BLM instil-
lation alone, compared with the control group. How-
ever, this low dose of BLM caused a significant increase
in the permeability index when combined with PNX.
Moreover, the fibrotic response to BLM was enhanced
by PNX, expressed by an increased lung content of
soluble collagen and higher histological score in the
BLM + PNX group.

BLM-induced lung injury has been used in studies of
pulmonary fibrosis in animal models. In response to
BLM, mice develop acute alveolitis and interstitial in-
flammation, characterized by the sequential recruit-
ment of neutrophils, lymphocytes, and macrophages in
the first wk. Following this inflammatory response,
fibroblast proliferation and synthesis of extracellular
matrix occur in the second wk [23, 26]. In the context of
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Concentrations of IL-18 (A), IL-6 (B), TNF-a (C), MCP-1 (D), MIP -1a (E), RANTES (F), KC (G) measured in BAL fluid in the right

lung of mice from the control, BLM, PNX, and BLM + PNX groups, 7 d after the intratracheal instillation of BLM and/or left PNX. Values

are means = SE; n = 8 in each group. *, P < 0.05.

these pulmonary fibrotic changes, one might hypothe-
size that, in our model, the occult injury caused by PNX
synergistically enhanced the BLM-induced inflamma-
tory response in the residual lung in the first phase,
and accelerated the subsequent proliferation of fibro-
blast and collagen deposition in interstitial tissue.

In clinical settings, BLM is never injected intratra-
cheally, and a single dose of BLM administered sys-
temically to human adults is limited to less than 0.5
mg/kg. However, since BLM accumulatively causes
lung damages, intratracheal injection of 1 mg/kg BLM,
which is adopted in our study, could be comparable to
the repeated injection of smaller doses of BLM like in

the real practice. Therefore, we think that our model is
applicable to elucidate the pathogenesis of human lung
injury and fibrosis caused by PNX and BLM.
Proinflammatory cytokines, such as TNF-«, [L-18,
and IL-6, are involved in the development of BLM-
induced lung injury and fibrosis [23, 25, 38]. It has
been suggested that TNF-« and IL-18 promote the
proliferation of fibroblasts and their production of col-
lagen, and that IL-6 stimulates the expression of
MIP-la in BLM-induced lung injury and fibrosis [23,
38, 39]. In the present study, PNX and BLM together
increased the local concentration of IL-1p and IL-6 in
the BLM, the PNX, and the BLM +PNX groups. How-
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ever, neither BLM nor PNX made changes in TNF-a
level on day 7, perhaps because TNF-a, an early-phase
cytokine, peaks earlier than 7 d after PNX or BLM
instillation.

The transmigration of inflammatory cells from the
vascular space into the inflammatory sites is regulated
mainly by various chemokines. The chemotactic activ-
ity of C-C chemokines, including MIP-1a, MCP-1, and
RANTES, is mainly toward monocytes and lympho-
cytes, whereas the C-X-C chemokines, such as KC,
attract neutrophils [40]. Several investigators have
suggested that MIP-1«, RANTES, KC, and MCP-1 are
involved in the accumulation of inflammatory leuko-
cytes in lungs instilled with BLM and play important
roles in the subsequent fibrotic process [24, 27, 28]. In
our study, the concentration of RANTES in BAL fluid
was significantly increased by either BLM or PNX, and
the increase was greater when BLM was followed by
PNX. Compared with their control values, MCP-1,
MIP-1a, and KC increased significantly only when both
interventions were combined. The up-regulation of
MCP-1, MIP-1a, and KC was not induced by BLM
alone, possibly because the dose of BLM instilled was
lower than that in the previous investigations. PNX
and BLM may synergistically up-regulate these che-
mokines and induce accumulation of inflammatory
cells,

HMGE1 is an important determinant of mortality
and organ system dysfunction in animal models of
infection, such as bacterial peritonitis and endotoxin
exposure, hemorrhagic shock, and ventilator-induced
lung injury [32, 33, 41]. The intratracheal administra-
tion of HMGB1 is also known to cause ALI, and anti-
bodies against HMGB1 attenuate the severity of
endotoxin-induced pulmonary edema [29, 42]. In the
present study, the sublethal lung injury that developed
after PNX was associated with a significant increase in
HMGB1 in BAL fluid. In addition, the HMGB1 concen-
trations in the BLM-challenged lungs were further
increased by subsequent PNX. HMGB1 might be in-
volved in the pathogenesis of post-PNX occult lung
injury and in the exacerbation of BLM-induced lung
injury by stimulating neutrophils or macrophages to
enhance the production of proinflammatory cytokines,
including IL-18 [30, 32, 33].

Ogawa et al. have suggested that overinflation of the
lung might stimulate the release of HMGB1 in the
model of ventilator-induced lung injury [41]. In our
model, although we reduced the tidal volume after
PNX, we observed prominent inflation of the right
lung, protrusion of the diaphragmatic lobe into the left
pleural cavity, and a left-shift of the mediastinum in
the PNX group at the time of sacrifice, similar to that
observed clinically in residual lungs after PNX [43].
Overinflation of the residual lung after PNX may cause
lung tissue injury with release of HMGBI into the

alveolar space [41]. In addition, overinflation of the
lung might widen the intercellular gaps between endo-
thelial cells, epithelial cells, or both, allowing neutro-
phils to migrate into the alveolar space. HMGB1 in the
lung may be released not only from injured cells, but
also from greater numbers of activated neutrophils and
macrophages [29],

Other investigators have observed that HMGB1
stimulates the secretion of several cytokines and che-
mokines, including IL-183, TNF-a, IL-6, IL-8, MIP-1a,
MCP-1, RANTES, from neutrophils, macrophages, or
endothelial cells [32, 44, 45]. On the other hand, cyto-
kines, including IL-1p, stimulate the secretion of
HMGB1 by macrophages [29]. The combined activity of
these inflammatory mediators might be responsible for
the occult lung injury caused by PNX, and exacerbation
of lung injury and fibrosis caused by BLM. Up-
regulated mediators, such as IL-18, IL-6, RANTES,
and HMGB1, may be potential targets for preventing
such lung injury and fibrosis after PNX.

In conclusion, we have shown that PNX exacer-
bated the injury and subsequent fibrosis induced by
BLM in the residual lung. PNX alone caused lung
injury with the local up-regulation of HMGB1 and of
several cytokines and chemokines, such as IL-18, IL-6,
and RANTES. The enhanced release of these media-
tors might contribute to the exacerbation of the injury
and fibrosis that developed in the residual lung ex-
posed to BLM. Although our model does not closely
approximate the clinical situation with respect to the
drug administration, similar mechanisms may under-
lie AL/ARDS after lung resection in patients with
noninfectious diffuse lung damage, including those af-
ter induction chemotherapy and/or radiotherapy for
locally advanced NSCLC.

ACKNOWLEDGMENTS

This study was supported in part by a Grant-in-Aid for Scientific
Research (no. 18120101, 2008, for I, Maruyama and K. Kobayashi)
from the Ministry of Education, Science, Sports and Culture,

REFERENCES

1. Jemal A, Siegel R, Ward E, et al. Cancer Statistics, 2008, CA
Cancer J Clin 2008:58:71.

2, Watanabe S, Asamura H, Suzuki K, et al. Recent results of
postoperative mortality for surgical resections in lung cancer.
Ann Thorac Surg 2004;78:999; discussion 1002.

3. Wright G, Manser RL, Byrnes G, et al. Surgery for non-small
cell lung cancer: Systematic review and meta-analysis of ran-
domised controlled trials. Thorax 2006:61:597.

4. HRosell R, Gomez-Codina J, Camps C, et al. A randomized trial
comparing preoperative chemotherapy plus surgery with sur-
gery alone in patients with non-small-cell lung cancer. N Engl
J Med 1994;330:153.

5. Roth JA, Fossella F, Komaki R, et al. A randomized trial com-
paring perioperative chemotherapy and surgery with surgery
alone in resectable stage I11A non-small-cell lung cancer. J Natl
Cancer Inst 1994:86:673.



10.

11

12,

13.

14.

15.

16.

17.

18,

19.

20,

2L

22,

23.

24.

KAKIZAKI ET AL.: EXACERBATION OF BLEOMYCIN LUNG INJURY BY PNEUMONECTOMY 9

Mansour Z, Kochetkova EA, Dueroeq X, et al. Induction chemo-
therapy does not increase the operative risk of pn tomy!

26.

Suwabe A, Takahashi K, Yasui S, et al. Bleomycin-stimulated

Eur J Cardiothorac Surg 2007;31:181.

Roberts JR, Bustis C, Devore R, et al. Induction chemotherapy
increases perioperative complications in patients undergoing
resection for non-small cell lung cancer. Ann Thorac Surg 2001;
T2:885.

Depierre A, Milleron B, Moro-Sibilot D, et al. Preoperative
chemotherapy followed by surgery compared with primary sur-
gery in resectable stage [ (except TINO), I1, and [lla non-small-
cell lung cancer. J Clin Oncol 2002;20:247.

Martin J, Ginsberg RJ, Abolhoda A, et al. Morbidity and mor-
tality after neoadjuvant therapy for lung cancer: The risks of
right pneumonectomy. Ann Thorac Surg 2001;72:1149.

Perrot E, Guibert B, Mulsant P, et al. Preoperative chemother-
apy does not increase complications after nonsmall cell lung
cancer resection. Ann Thorae Surg 2006;80:423.

Leo F, Solli P, Veronesi G, et al. Does chemotherapy increase
the risk of respiratory complications after pneumonectomy?
J Thorac Cardiovase Surg 2006;132:519.

Venuta F, Anile M, Diso D, et al. Operative complications and
early mortality after induction therapy for lung cancer, Eur
«J Cardiothorac Surg 2007;31:714,

Leo F, Solli P, Spaggiari L, et al. Respiratory function changes
after chemotherapy: An additional risk for postoperative respi-
ratory complications? Ann Thorac Surg 2004;77:260, discussion
265.

Takeda S, Funakoshi Y, Kadota Y, et al. Fall in diffusing
capacity associated with induction therapy for lung cancer: A
predictor of postoperative complication? Ann Tharac Surg 2006;
82:232.

Gopal R, Starkschall G, Tucker SL, et al. Effects of radiother-
apy and chemotherapy on lung function in patients with non-
small-cell lung cancer. Int J Radiat Oncal Bial Phys 2003;56:
114.

Miller KL, Zhou SM, Barrier RC Jr, et al. Long-term changes in
pulmonary function tests after definitive radiotherapy for lung
cancer. Int J Radiat Oncol Biol Phys 2003;56:611.

Horning SJ, Adhikari A, Rizk N, et al. Effect of treatment for
Hodgkin's disease on pulmonary function: Results of a prospec-
tive study. J Clin Oncol 1994:12:297.

Castro M, Veeder MH, Mailliard JA, et al. A prospective study
of pulmonary function in patients receiving mitomycin, Chest
1996;109:939.

Maas KW, van der Lee [, Bolt K, et al. Lung function changes
and pulmonary complications in patients with stage II1 non-
small cell lung cancer treated with gemcitabine/cisplatin as
part of combined modality treatment. Lung Canecer 2003;41:
345.

Bhalla KS, Wilczynski SW, Abushamaa AM, et al. Pulmonary
toxicity of induction chemotherapy prior to standard or high-
dose chemotherapy with autologous hematopoietic support.
Am J Respir Crit Care Med 2000;161:17.

Blum RH, Carter SK, Agre K A clinical review of bleomycin-a
new antineoplastic agent. Cancer 1973;31:903.

Rabinowits M, Souhami L, Gil RA, et al. Increased pulmonary
toxicity with bleomycin and cisplatin ct therapy bina-
tions. Am J Clin Oncol 1990;13:132,

Smith RE, Strieter RM, Phan SH, et al, TNF and [L-6 mediate
MIP-1alpha expression in bleomycin-induced lung injury.
J Leukoe Biol 1998;64:528.

Smith RE, Strieter RM, Phan SH, et al. Production and func-
tion of murine macrophage inflammatory protein-1 alpha in
bleomyein-induced lung injury. J Immunol 1994;153:4704.

26.

27.

29.

30.

31

az.

33.

34.

35.

36.

37,

39,

40.

41.

42,

43.

45.

hamster alveolar macraphages release interleukin-1. Am J
Pathol 1988;132:512.

Tokuda A, Itakura M, Onai N, et al. Pivotal role of CCRI1-
positive leukocytes in bleomyein-induced lung fibrosis in mice.
J Immunol 2000,164:2745,

Yara S, Kawakami K, Kudeken N, et al. FTS reduces
bleomyecin-induced cytokine and chemaokine production and in-
hibits pulmonary fibrosis in mice. Clin Exp Immunol 2001;
124:77.

Zhang K, Gharaee-Kermani M, Jones ML, et al. Lung monocyte
chemoattractant protein-1 gene expression in bleomyein-
induced pulmonary fibrosis. J Immunol 1994;153:4733.

Wang H, Bloom O, Zhang M, et al. HMG-1 as a late mediator of
endotoxin lethality in mice. Science 1999;285:248.

Park J8, Gamboni-Robertson F, He Q, et al. High mobility
group box 1 protein interacts with multiple Toll-like receptors,
Am J Physiol Cell Physiol 2006;290:C917.

Yamada S, Maruyama 1. HMGB1, a novel inflammatory cyto-
kine. Clin Chim Acta 2007;375:36.

Kim JY, Park JS, Strassheim D, et al. HMGB1 contributes to
the development of acute lung injury after hemorrhage. Am J
Physiol Lung Cell Mol Physiol 2005;288:L958.

Ueno H, Matsuda T, Hashimoto S, et al. Contributions of high
mobility group box protein in experimental and clinical acute
lung injury. Am J Respir Crit Care Med 2004;170:1310.

Suda K, Kitagawa Y, Ozawa 5, et al. Serum concentrations of
high-mobility group box chromosomal protein 1 before and after
exposure to the surgical stress of thoracic esophagectomy: A
predictor of clinical course after surgery? Dis Ezophagus 2006;
19:5.

Asheroft T, Simpson JM, Timbrell V, Simple method of estimat-
ing severity of pulmonary fibrosis on a numerical scale, J Clin
Pathol 1988;41:467.

Yamada S, Inoue K, Yakabe K, et al. High mobility group
protein 1 (HMGB1) quantified by ELISA with a monoclonal
antibody that does not cross-react with HMGB2. Clin Chem
2003;49:1535.

Endo M, Oyadomari S, Terasaki Y, et al. Induction of arginase
1 and II in bleomycin-induced fibrosis of mouse lung. Am J
Physiol Lung Cell Mol Physiol 2003;285:L313.

Saito F, Tasaka S, Inoue KI, et al. Role of interleukin-6 in
bleomycin-induced lung inflammatory changes in mice. Am J
Respir Cell Mol Biol 2008;38:566.

Karmiol S, Phan SH. Fibroblast and cytokines. In: Kunkel SL,
Remick DG, Eds. Cytokines in Health and Disease, New York,
NY: Dekker, 1992:271-296.

Oppenheim JJ, Zachariae CO, Mukaida N, et al. Properties of
the novel proinflammatory supergene “intercrine” cytokine
family. Annu Rev Immunol 1991;9:617.

Ogawa EN, Ishizaka A, Tasaka S, et al. Contribution of high-
mobility group box-1 to the development of ventilator-induced
lung injury. Am J Respir Crit Care Med 2006;174:400.
Abraham E, Arcaroli J, Carmody A, et al. HMG-1 as a mediator
of acute lung inflammation. J Immunol 2000;165:2950.
Harada K, Hamaguchi N, Shimada Y, et al. Use of sulfur
hexafluoride, SF6, in the management of the postpneumonec-
tomy pleural space. Respiration 1984;46:201.

Andersson U, Wang H, Palmblad K, et al. High mobility group
1 protein (HMG-1) stimulates proinflammatory cytokine syn-
thesis in human monocytes. J Exp Med 2000;192:565.

Fiuza C, Bustin M, Talwar 5, et al. Inflammation-promoting
activity of HMGB1 on human microvascular endothelial cells.
Blood 2003;101:2652.



doi:10.1510/1cvts. 2007.170456
INTERACTIVE
CARDIOVASCULAR AND
THORACIC SURGERY

Interactive CardioVascular and Thoracic Surgery 7 (2008) 1114-1120

www.levits,org

Negative results - Thoracic general
Occult injury in the residual lung after pneumonectomy in mice*

Atsushi Tajima®, Mitsutomo Kohno®*, Masazumi Watanabe®, Yotaro Izumit, Sadatomo Tasakac,
Ikuro Maruyama¢, Taku Miyashos, Koichi Kobayashi®

“Department of Surgery, Salselkal Utsunomiya Hospital, Tochigi, Japan
*Department of Surgery, Keio University School of Medicine, 35 Shinanomachl, Shinjuku-ku, Tokyo, 160-8582, Japan
Department of Medicine, Keio University School of Medicine, Tokyo, Japan
*Department of Laboratory and Molecular Medicine, Faculty of Medicine, Kagosmmo univem:y Kagoshima, Japan
“Department of Veterinary Biochemistry, Rakuno University, H Japan

Received 19 Octaber 2007; received in revised form 20 May 2008; accepted 17 July 2008

Abstract

Objectives: We aimed to determine the acute phase impact of pneumonectomy with respect to injury in the remaining lung using a
murine model, and to investigate the profiles of inflammatory mediators including high mobility group box 1 protein (HMGB1) following
surgery and administration of low dose intratracheal lipopolysaccharide. Methods: Mice received left pneumonectomy with intratracheal
administration of either saline or lipopolysaccharide. Lung permeability index, lung wet-to-dry weight ratio, pathological findings, HWGB1
levels in bronchoalveolar lavage fluid (BALF) and plasma, and cytokine profiles in BALF were assessed 24 h after surgery. Results: Index of
capillary permeability, lung water content, and neutrophil and macrophage counts in BALF were significantly increased by pneumonectomy.
These parameters were highest in the mice with pneumonectomy with intratracheal administration of lipopolysaccharide. On lung pathology,
neutrophil infiltration was prominent in the residual lung after pneumonectomy. HMGB1 levels were significantly higher in both BALF and
plasma in the mice with pneumonectomy, and were highest in those with pneumonectomy and intratracheal administration of lipopolysac-
charide. Pro-inflammatory cytokine levels including interferon-y significantly increased in BALF in the mice with pneumonectomy.
Conclusions: It was suggested that pneumonectomy itself may cause occult lung injury in the acute phase (24 h) of post-surgery which
could be enhanced by inflammatory stimulus, such as bacterial component, leading to significant lung injury. HMGB1 might be involved in

the pathogenesis of the occult lung injury.

) 2008 Published by European Assoclation for Cardio-Thoracic Surgery. All rights reserved.

Keywords: Pneumonectomy; Lung injury; Endotoxin; HWGE1

1. Introduction

Lung cancer remains the leading cause of cancer death in
Japan and many other developed countries [1]. Surgical
resection, with or without adjuvant chemotherapy and
radiotherapy, is currently the treatment of choice for early
stage non-small cell lung cancer [2]. Although major
advances in thoracic surgery have led to a significant
reduction in postoperative complications following lung
resection, it is always important for surgeons to try to
reduce perioperative mortality [1, 3].

The major cause of morbidity and mortality following lung
resection is respiratory complications. Acute lung injury
(ALl), which develops in approximately 5% of patients
undergoing lung resection, is responsible for the vast major-
ity of respiratory-related deaths following thoracic surgery
[4]. ALl following thoracotomy and lung resection has a
grave prognosis, with overall hospital mortality rates over
20%. In some series limited to pneumonectomy, the mor-
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tality rates rose as high as 100% [5, 6]. The mortality rate
of ALl following lung resection is higher than the mortality
rate of ALl from all causes [7].

High mobility group box 1 protein (HMGB1), originally
identified as a DNA binding protein, is an abundant and
highly conserved cellular protein, which stabilizes nucleo-
some formation and facilitates gene transcription [8, 9].
HMGB1 also has potent pro-inflammatory properties [9, 10].
Exposure of neutrophils or macrophages to HMGB1 induces
nuclear translocation of NF-xB and enhances production of
pro-inflammatory cytokines, including tumor necrosis factor
(TNF)-a and interleukin (IL)-1@, at least in part through
the interaction of HMGB1 with Toll-like receptor (TLR)-Z,
TLR-4 and receptor for advanced glycation end products
(RAGE) [11, 12]. Serum concentration of HMGB1 increased
significantly 8-32 h after administration of lipopolysac-
charide (LPS) or TNF-o in mice [10], Intratracheal injection
of HMGB1 results in the development of acute pulmonary
inflammation, and blockade of HMGB1 decreases the sever-
ity of LPS-induced ALI, implicating HMGB1 as a mediator of
sepsis-associated lung injury [9, 10]. Systemic administra-
tion of recombinant HMGB1 is lethal in mice [9, 10]. HMGB1
is also an important mediator of mortality and organ system
dysfunction including ALl in animal models of conditions
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such as bacterial peritonitis, lung transplantation, ventila-
tor-induced lung injury and hemorrhage [13-18l. It has
been suggested that HMGB1 contributes to the clinical
course of ALl and postoperative complications [13, 19]. We
therefore hypothesize that the postoperative HMGB1 level
in plasma or organs may be useful as a parameter of
surgical invasiveness and predictive of postoperative
complication.

In this study, we aimed to determine the acute phase
impact, meaning the impact of within 24 h, of pneumonec-
tomy with respect to injury to the remaining lung in a
murine model [20]. We administered a low dose of LPS to
the residual lung as a model of ALl following lung resection.
The profiles of inflammatory cytokines and HMGB1 were
investigated to evaluate their roles in the pathogenesis of
post-pneumonectomy lung injury.

2. Materials and methods

2.1. Experimental model

Specific pathogen-free inbred male C57BL/6 mice, eight-
week-old and weighing 20-22 g were used. All experiments
were conducted in accordance with protocols approved by
the institutional review board for animal studies. Under
general anesthesia, they were intubated with an 18-gauge
intravenous catheter and connected to a rodent ventilator,
which was adjusted to maintain normal ventilation (respi-
ratory rate, 80 min; tidal volume, 10 ml/kg; positive end-
expiratory pressure, 2 cm H,0; Fi0,, 0.21). Mice were
randomly assigned to one of four experimental groups. In
the control group, 30 ul of saline was instilled into the
lungs through the intratracheal tube. In the LPS group,
150 ug of LPS from Escherichia coli O55: BS (Sigma, St
Louis, MO) suspended in 30 pl of saline was instilled slowly
into the lungs through the intratracheal tube, to create
mild lung injury. In the pneumonectomy (PNX) group, 30 pl
of saline was instilled into the lungs, followed by left
pneumonectomy. In the LPS+PNX group, 150 ug of LPS
diluted in 30 pl of saline was instilled into the lungs,
followed by left pneumonectomy. The tidal volume was
reduced from 10-6 ml/kg after the lung was removed.
Human serum albumin (25 pg/100 pl; Buminate, Baxter
Healthcare Corporation, Glendale, CA) was injected via tail
vein 1 h before euthanasia to assess transvascular albumin
leakage.

2.2. Parameters of lung injury

To investigate the impact of left pneumonectomy on the
right lung, mice in the four groups were euthanized 24 h
after surgery. The parameters to investigate lung injury
were as follow: 1) lung wet-to-dry (W/D) weight ratio to
estimate the severity of pulmonary edema; 2) ratio of
human albumin concentrations in bronchoalveolar lavage
fluid (BALF) to that in plasma (albumin B/P ratio) to assess
transvascular albumin leakage (permeability index);
3) total and differential cell counts in BALF to assess
inflammatory cell sequestration.

2.3. Histological examination

The degree of microscopic injury to the right lung was
scored based on the following variables: hemarrhage, ede-
ma and neutrophil infiltration. The severity of injury was
judged according to the following criteria: no injury=0;
injury to 25% of the field=1; injury to 50% of the field=2;
injury to 75% of the field=3, and diffuse injury=4 [21].

2.4. Micro-computed tomography

Lung images were obtained by a micro-computed tomo-
graphy (CT) device, the LaTheta LCT-100A (ALOKA, Inc.,
Tokyo, Japan), to investigate the extent of lung infiltration
24 h after the intervention.

2.5. HMGB1 and cytokine measurements

ELISA was performed to detect HMGB1 levels in plasma
and BALF using monoclonal antibodies to HMGB1 (Shino-
Test. Co, Tokyo, Japan) [22]. To investigate cytokine pro-
files in BALF, we employed a Bio-Plex mouse cytokine assay
(Bio-Rad Laboratories, Hercules, CA) for simultaneous
quantitation of interleukin (IL)-1B, IL-6, IL-10, interferon
(IFN)-y, keratinocyte-derived chemokine (KC) and tumor
necrosis factor (TNF)-a.

2.6. Statistical analysis

Comparisons of histological scores were examined by
Kruskal-Wallis non-parametric analysis of variance for fac-
torial experiments, followed by Dunn’s procedure for post-
hoc multicomparison analysis. Other results were analyzed
by one-way ANOVA followed by a Scheffe's post-hoc test
for multiple comparisons. Data are expressed as mean+5.D.
A P-value of <0.05 was considered statistically significant.

3. Results

3.1. Lung W/D weight ratio was increased in the
groups with pneumonectomy

There was a significant difference in the mean lung W/D
weight ratio between the control group and the surgical
groups (3.69+0.07 vs. 4.9240.60, P<0.001, vs. 5.23+0.25,
P<0.0001), but there was no significant difference
between the control group and the LPS group, between the
LPS group and the PNX group, or between the PNX group
and the LPS+PNX group. There was, however, a significant
difference between the LPS group and the LPS+PNX group
(4.26+0.41 vs. 5.23+0.25, P<0.005) (Fig. 1a).

3.2. Permeability index increased after pneumonectomy,
and increased even more after pneumonectomy plus LPS
administration

Although there was no significant difference in the per-
meability index between the control group and the LPS
group (0.0034 +0.0006 vs. 0.0060+0.0013, P=0.64), there
was a significant difference in the permeability index
between the control group and the PNX group (0.0034+
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Fig. 1. (a) Lung wet-to-dry (W/D) weight ratio. (b) Permeability index: Ratio of albumin concentration in bronchoalveolar lavage fluid to that in plasma (albumin
B/P ratio). There were significant differences in the lung W/D ratio and permeability index between the control group and the two groups with pneumonectomy.

Values are means +5.0.; n=6. *P<0.05. Scheffe's post-hoc test.

0.0006 vs. 0.0105+0.0051, P<0.05) and between the con-
trol group and the LPS+PNX group (0.0034+0.0006 vs.
0.0127 +0.0034, P<0.01). There was also a significant
increase in the permeability index in the LPS+PNX group
compared with the LPS group (0.0060+0.0013 vs.
0.0127 +0.0034, P<0.05) (Fig. 1b).

3.3. Different cell accumulations in the pneumonectomy
groups

The total cell counts in BALF increased significantly in all
three experimental groups compared to the control group.
The cell patterns differed between the groups. In the LPS
group, only neutrophils were increased significantly. In the
PNX group, neutrophils, lymphocytes and macrophages
were all increased significantly (Fig. 2).

3.4. Lung histology: significant neutrophil infiltrations

Pneumonectomy alone induced significant neutrophil infil -
tration, although there was no significant difference in
scores for hemorrhage and edema between the control and
PNX groups. Instillation of LPS induced significant neutro-
phil infiltration with hemorrhage and edema of the lung.
The severity of damage was significantly greater following
pneumonectomy plus instillation of LPS than the other
groups (Figs. 3 and 4).
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Fig. 2. Cell counts in bronchoalveolar lavage fluid, Neutrophils, lymphocytes
and macrophages were all increased significantly in the PNX group compared
with the control group. In the LPS group, only neutrophils increased signifi-
cantly, compared with the control group. Values are means+5.0.; n=6,
*P<0.05. Scheffe's post-hoc test.

3.5. Micro-computed tomography: severe damage
to the lungs of the LPS+PNX group

CT for small animals following left pneumonectomy
showed extensive inflation of the right lung, protrusion of
the diaphragmatic lobe into the left pleural cavity, and
left-shifted mediastinum. Infiltration was observed in the

Meutrophi infiltration
L*]

1

o
Control LPS  PNX LPS+PNX

Fig. 3. The degree of microscopic injury was scored based on the following variables: hemorrhage (a), edema (b) and neutrophil infiltration (c). The severity
of injury was judged according to the following criteria: no injury=0; injury to 25% of the field=1; Injury to 50% of the field=2; injury to 75% of the field=3
and diffuse injury =4. Values are means+5.0.; n=6. *P<0.05. Dunn's multiple post-hac test,
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Fig. 4. Histopathological findings in the right lung of mice from the control
group (a), the LPS group (b), the PNX group (c), and the LPS+PNX group
(d). Remarkable cell infiltration is visible in the LPS group (b), and a similar
but milder change is observed in the PNX group (c). The most severe damage
is seen in the LPS+ PNX group (d). Bars=100 um.

right lungs of the groups with LPS instillation. The infiltra-
tion area was more extensive in the LPS+PNX group than
in the LPS group (Fig. 5).

Fig. 5. Representative findings of the micro-computed tomography to eval-
uate the extent of lung infiltration from the control group (a), the LPS group
(b}, the PNX group (c), and the LPS+PNX group (d). Arrows indicate area
of inflammatory infiltration in the lung. Computed tomography for small ani-
mals showed extensive inflation of the remaining right lungs, diaphragmatic
lobe protrusion into the left pleural cavity, and left-shifted mediastinum in
the groups with pneumonectomy (¢ and d). The area of lung infiltration was
more extensive in the LPS+PNX group (d) than in the LPS group (b).
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Fig. 6. (a) High mobility group box 1 protein (HMGB1) concentration in bron-
choalveolar lavage fluid (BALF). (b) HMGB1 concentration in plasma. HWGB1
increased significantly in both BALF and plasma of the PNX group compared
to the control group. Values are means+5.0.; n=#6, *P<0.05. Scheffe’s post-
hoc test.

3.6. HMGB1 increased in both BALF and plasma of the
pneumonectomy group

HMGB1 increased significantly in both BALF and plasma of
the PNX group (55.11+415.43 and 4.91+0.82 ng/ml,
respectively) and of the LPS+PNX group (79.10+18.43 and
6.57 +2.40 ng/ml, respectively), but not of the LPS group
(44,42+5.94 and 2.43+2.09 ng/ml, respectively), com-
pared to the control group (32.23+12.5 and 0.79+0.77
ng/ml, respectively). There was also a significant differ-
ence in HMGB1 in both BALF and plasma between the LPS
and the LPS+PNX groups. In the LPS-+ PNX group, a signif-
icant increase in HMGB1 was observed in BALF, not in
plasma, compared with the PNX group (P<0.05) (Fig. 6).

3.7. Increased cytokine levels in BALF after
pneumonectomy and/or LPS instillation

Pneumonectomy and/or intratracheal LPS instillation
induced significant increases in the levels of six cytokines
examined in BALF at 24 h after the insults. Although the
BALF level of IFN-y was increased after pneumonectomy
alone compared to the control group (0.47+0.32 vs.
1.24+0.24 pg/ml, P<0.05), there was no significant dif-
ference in the level of other five cytokines between the
control and the PNX group. LPS instillation alone signif-
icantly increased BALF levels of IL-13, IFN-y and TNF-a
compared to the control group, but the increase in IL-6,
IL-10 and KC levels were not significant. There were signif-
icant increases in the levels of IL-18, IL-6, IL-10, IFN-y, KC
and TNF-a in the LPS+PNX group compared to the LPS
group and to the control group (Fig. 7).

4, Discussion

Although it is of great interest to a thoracic surgeon what
is happening in the residual lung after pulmonary resection,
little is known about this information. In the present study,
pneumonectomy caused neutrophil and macrophage infil-
tration, capillary hyperpermeability and edematous changes
in the residual lung, which was associated with a significant
increase in the plasma and BALF levels of HMGB1, indicating
occult injury to the residual lung. Pretreatment with a low
dose of LPS induces a greater increase in HMGB1 in the
BALF collected from the residual lung, resulting in more
severe lung injury. BALF levels of pro-inflammatory cyto-
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of interteukin IL-18 (a), IL-6 (b), IL-10 (c), interferon (IFN)-y (d), keratinocyte-derived chemokine (KC) (e) and tumor necrosis factor (TNF)-a (f) was used
according Lo the recommended procedure. Values are means+5.0.; n=6. *P<0.05. Scheffe’s post-hoc test,

kines were also increased significantly in a complex
response to the combined insult of pneumonectomy and
LPS administration. Although our model does not closely
approximate the clinical situation, similar mechanisms may
underlie ALI/ARDS after lung resection in patients compli-
cated by bacterial infection.

Since, in preliminary experiment, mice recovered quickly
after pneumonectomy, and survived long-term (data not
shown), we hypothesized that the occult lung injury in the
residual lung after pneumonectomy does not affect the
outcome unless other factors such as infection take place.
To test this hypothesis, we evaluated lung injury after
pneumonectomy, with or without low dose LPS
administration.

In our experiment, the amount of LPS administered into
the lung was half the amount which has been described in
previous reports of LPS-induced acute lung injury [13]. This
was because, in our preliminary experiments, none of the
mice in the LP5+PNX group survived for 24 h when using
the same amount of LPS as in the previous reports. We
therefore reduced the amount of LPS so that all the mice
could survive for longer than 24 h after pneumonectomy
and LPS instillation. This may be why in the LPS group
neither the permeability index nor the W/D weight ratio
increased significantly compared with the control group.
However, this low dose of LPS caused a significant increase
in both the permeability index and the W/D weight ratio
when combined with pneumonectomy. The numbers of
neutrophils, macrophages and total cells also increased
significantly in the LPS+PNX group compared to the LPS
group. Histologically, the most severe lung injury was
observed in the LPS+ PNX group.

HMGB1 has been shown to play an important role in
hemorrhagic shock and ventilator induced lung injury (VILI)
[16, 18]. In the present study, the level of HMGB1 increased
1.5-fold in the lung and 5-fold in the plasma at 24 h after
pneumonectomy. HMGB1 can be passively released by
necrotic or damaged cells when the integrity of cytoplasmic
membranes is lost [10]. Although it remains unclear wheth-
er mechanical stress induces the release of HMGB1, over-
inflation might be a stimulus to release HMGB1 in VILI and
pneumonectomy models [16]. Overinflation may cause lung
tissue damage with HMGB1 release into the bloodstream.
HMGB1 in the lung may be released not only from the
damaged cells but also from the increased numbers of
activated neutrophils and macrophages [10]. Overinflation
of the lung causes enlarged intercellular gaps between
endothelial and/or epithelial cells, and neutrophils and
macrophages may transmigrate into the alveolar space
through the enlarged gaps. Otherwise, because pulmonary
resection causes tissue damage at the hilar region and the
chest wall, HMGB1 may be released into the bloodstream
from the damaged cells, which may cause a catabolic state
and a systemic inflammatory response in the mice (23, 24].

Although there was no significant difference in HMGB1
levels in BALF and plasma between the control and the LPS
groups, HMGB1 levels increased significantly after the com-
bined insults of LPS and pneumonectomy. Since both pneu-
monectomy and LPS instillation could be a stimulus that
induces the release of HMGB1, they could cooperatively
have a prominent role [10, 13].

Endotoxemia and severe hemorrhage are not routinely
observed following surgical procedures such as pneumonec-
tomy, indicating that other mediators may also contribute
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to the inflammatory response that may lead to ALl or
multiple organ dysfunctions. HMGB1 has been demonstrated
to be an important mediator of mortality and organ system
dysfunction, including ALI [10, 13-17]. Suda et al. reported
that, in a clinical setting of thoracic esophagotomy, post-
operative serum HMGB1 level was higher in patients who
developed complications than in those who did not [19].
They concluded that an elevated serum HMGB1 level may
contribute to the development of postoperative organ sys-
tem dysfunction. They also indicated that serum HMGB1
level before the operation may predict the postoperative
clinical course. In our experiment, the increased HMGB1
could be one of the mediators which enhance the inflam-
matory response after pneumonectomy.

Pulmonary hyperpermeability was seen in the remaining
lung after pneumonectomy, and the lung W/D weight ratio
increased significantly. It has been reported that HMGB1
directly increases the permeability of enterocyte monolay-
ers, and impairs intestinal barrier function through a mech-
anism that depends on the formation of nitric oxide and
peroxynitrite [25]. Similar effects of HMGB1 on pulmonary
epithelial tight junctions might develop interstitial pulmo-
nary edema, besides the pro-inflammatory actions of
HMGB1.

Our results showed increasing cytokine levels in the resid-
ual lungs 24 h after pneumonectomy. Comparison between
the control group and the PNX group indicates a trend of
increasing levels of six cytokines, suggesting that pro-
inflammatory cytokines including TNF-a, IL-18, IL-6,
IFN-vy, KC in BALF, might be involved in post-pneumonec-
tomy occult lung injury. Moreover, comparisons between
the four groups detected significant increases in the level
of IFN-y between the PNX group and the control group.
Because IFN-vy is reported to stimulate macrophages in the
presence of TNF-« and IL-18, to actively secrete HMGB1
[10], IFN-y in particular may contribute to the complex
response in the residual lung following the combined insults
of LP5 and pneumonectomy.

In conclusion, HMGB1, together with pro-inflammatory
cytokines may play a prominent role in the establishment
of occult lung injury after pneumonectomy, which has a
potential to progress to ALl when an additional stimulus
such as infection exists. This response of HMGB1 may not
be unique to pneumonectomy. Other surgical procedures
may also induce an increase in HMGB1 levels in the lungs
as well as in other organs.
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Histopathological features and prognostic
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The micropapillary pattern is characterized by small papillary tufts with no tibrovascular core lying in spaces
and has been reported as an aggressive variant of carcinoma in several organs. We investigated the
histopathobiological properties of the micropapillary pattern with immunohistochemistry, serial sections, and
electron microscopy in lung adenocarcinoma. We further analyzed its clinicopathological character and
prognosis. The subjects included 383 adenocarcinoma cases, of which 184 (48%) were micropapillary pattern-
positive and 199 (52%) were micropapillary pattern-negative. On histology, micropapillary tufts seemed to float
in the alveolar space or spaces encased by connective tissues, whereas serial sections revealed that most tufts
had continuity with other tufts and even with the main tumor. Positive staining for the adhesion molecules
E-cadherin and f-catenin suggested the preservation of tight adhesion, and electron microscopy showed the
existence of intercellular junctions. Negative staining for laminin and loss of basement membrane as
determined by electron microscopy suggest a loss of cell-matrix contact. Positive staining for Ki-67 indicates
that cells constituting micropapillary tufts retained their proliferation potency. There were no CD34-positive
cells in micropapillary tufts, and the loss of the vascular core was confirmed. In micropapillary pattern-positive
cases, lymphatic invasion was identified significantly more frequently than in micropapillary pattern-negative
cases (P<0.001), even at stagelA (without lymph node metastasis, N=197) (P<0.001). The 5-year and 10-year
overall survival rates of the micropapillary pattern-positive stagelA group were 77.6 and 67.6%, respectively,
which were significantly less than those of the micropapillary pattern-negative stagelA group (98.1
and 98.1%) (P=0.001). In conclusion, cells constituting the micropapillary pattern are likely to have acquired
anchorage-independent growth and a potential for high malignancy.
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Introduction imaging have enhanced the capability for diagnosis
at the early stage, and histopathological studies
indicate the existence of good prognostic groups in
lung cancer. Bronchioloalveolar carcinoma, defined
as a non-invasive subtype of lung adenocarcinoma,’
2 : : ! / is recognized as ground-glass opacity lesion on
‘hu,tolog:ca; types of lung cancer, adenocarcinoma is computed tomography and is reported to have
increasing in freque:n:y and accounts fqr almosl hallf a good prognosis.® However, the overall 5-year
of all lung cancers.” Recent advances in diagnostic o, Jival of patients with stagelA (TINOMO: T1,
tumor greatest dimension <30 mm and surrounded

o Do - — by pleura; NO, no regional lymph node metastasis;
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ik, ko' 180 8552, Japan oor pr stic group. Factors including smoking
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Received 03 January 2008; revised 16 April 2008; accepted 17 history, serum level of carcinoembryonic antigen,
April 2008; published online 30 May 2008 and tumor size, as well as lymphatic and venous

Lung cancer is one of the most common causes of
cancer-related death worldwide.® The prognosis of
patients with lung cancer is generally poor, and the
overall 5-year survival rate is 15%.” Of the four main



invasion have been identified as poor prognostic
factors for lung adenocarcinoma.™?

Recently, a pathological entity called the micro-
papillary pattern has been reported to have worse
outcomes in breast,” colon,’* urinary tract,'*
ovary,'® salivary gland,"” and lung''® cancer. The
micropapillary pattern in lung adenocarcinoma is
characterized by small papillary tufts lying in
alveolar spaces or in spaces encased by connective
tissues, with the tufts having no fibrovascular
core,'®'* and it has been reported as an important
factor for poor prognosis.*®** However, the detailed
histopathobiological features of the micropapillary
pattern have not yet been clarified. We investigated
the histological, immunohistochemical, electron
microscopic, and clinicopathological properties of
the micropapillary pattern to elucidate why it could
be a factor in poor prognoses.

Materials and methods
Surgical Specimens and Patient Characteristics

From January 1993 to December 2006 in Keio
University Hospital, 526 patients underwent com-
plete surgical resection of lung cancer diagnosed as
primary lung adenocarcinoma. We reviewed these
sections macroscopically and microscopically as
mentioned below. The histological type of the tumor
was described according to the World Health
Organization classification® and pathological staging
was performed according to the classification of the
Union Internationale Coutre le Cancer® Because
bronchioloalveolar carcinoma has been defined as a
non-invasive lesion® and there was no existence of
the micropapillary pattern in cases composed
only of bronchioloalveolar carcinoma (N=68), we
excluded these cases from clinicopathological
analysis. For accuracy of survival analysis, stagellIB
and stagelV cases with the possibility of incomplete
resection were excluded as well. Therefore, the final
population for clinicopathological analysis con-
sisted of 383 cases (214 men and 169 women
ranging from 29 to 85 years of age, with an average
age of 62.3 years). Clinicopathological information
was obtained by reviewing the medical charts in
detail with regard to age (<60 or 260 years), sex
(male or female), smoking history (nonsmoker or
smoker: smoker was defined as more than 1 year of
smoking history), recurrence, and survival. The
follow-up period ranged from 3 to 158 months
(mean was 60.9 months). This study was conducted
under the approval of the Ethics Committee of the
Keio University School of Medicine.

Histological Examination

Surgically resected specimens were fixed routinely
in 10% formalin, cut serially into 5- to 7-mm-thick
slices, and macroscopically examined. From the

Histopathology of micrapapillary pattern
K Kamiya at of

section including the maximum tumor diameter, all
the tumor tissues as well as the surrounding lung
tissue were removed and embedded in paraffin, and
then cut into 4-um-thick sections. Finally, hemato-
xylin-eosin and Elastica Van Gieson staining
were performed and all sections for each patient
were observed. The following histopathological
factors were evaluated: tumor size (maximum turnor
diameter <30 or >30mm), lymph node metastasis,
pleural invasion, lymphatic invasion, and venous
invasion. The histological patterns were divided
into four distinctive subtypes: bronchioloalveolar
carcinoma as well as acinar, papillary, and solid
adenocarcinoma with mucin; the latter three sub-
types were defined as invasive.® The dominant
subtype of each tumor was then documented.

The micropapillary pattern was defined according
to the two previous studies;*®'? it was identified as
small tufts lying in alveolar spaces or in spaces
encased within thin walls of connective tissue, and
the tufts had no fibrovascular core. The extent of the
micropapillary pattern was subclassified as none
(0% of the tumar), focal (<10%), moderate (<50%),
or extensive (>50%) based on the proportion of
micropapillary pattern area in the tumors.

Furthermore, three micropapillary pattern-posi-
tive samples (extent: moderate and extensive) were
selected and 100 serial sections stained by hematox-
ylin-eosin were then examined sequentially at
intervals of 12pm with attention paid to the
morphology of the micropapillary pattern.

Immunohistochemistry

For immunohistochemistry, 20 cases of tumor with
the micropapillary pattern were randomly selected
and studied (10 cases with lymph node metastasis
and 10 without).

Four-micrometer-thick sections were deparaffi-
nized, rehydrated, and incubated in 0.03% H,0, in
95% methanol at room temperature for 20min to
block the endogenous peroxidase activity. Autoclave
pretreatment at 120°C for 10min in 10 mM citrate
buffer (pH 6.0) was used for E-cadherin and Ki-67
antigen retrieval. Water bath pretreatment at 100°C
for 10 min in 10 mM citrate buffer (pH 9.0) was used
for f-catenin and CD34 antigen retrieval. Incubation
in 4mg/ml pepsin (Dako, Glostrup, Denmark) in
0.2N HCI at 37°C for 60 min was used for laminin
antigen retrieval. All sections were incubated for
20min with normal horse serum to eliminate
nonspecific staining and then incubated with the
following primary antibodies: anti-human E-cadher-
in (1:200; Novocastra Laboratories, Newcastle, UK),
anti-human f-catenin (1:200; Santa Cruz Techno-
logy, Santa Cruz, CA, USA), anti-human laminin
(1:400; Dako), anti-human CD34 (1:100, Dako), and
anti-human Ki-67 (diluted at 1:400; Dako). These
antibodies were applied overnight at 4°C, followed
by incubation with the secondary antibody
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(InmPRESS™ Reagent Kit, Vector Laboratories,
Burlingame, CA, USA) for 30 min. Slides were then
incubated in DAB/Tris solution (three DAB/Tris
tablets diluted in 150 ml distilled water; Muto Pure
Chemicals, Tokyo, Japan) supplemented with 15 ul
of 30% H,0,. Finally, the slides were counterstained
with hematoxylin. Ki-67 expression was evaluated
by counting 400 tumor cells in 4 high-power fields
( x 200) from the micropapillary pattern areas in all
20 cases, and expressed as the percentage nuclear-
stained cells.

Electron Microscopy

Three tumor specimens, already fixed with formalin
and diagnosed as adenocarcinoma with the micro-
papillary pattern (extent: moderate and extensive),
were selected and studied. Specimens were refixed
in 2.5% glutaraldehyde in an isomolar phosphate
buffer (pH 7.4), postfixed in 1% osmium tetroxide
for 1.5h, dehydrated in graded alcohol, and em-
bedded in Epon 812. Ultrathin sections were
mounted on copper grids, stained with uranyl
acetate and lead citrate, and then examined with a
JEM-1200 transmission electron microscope (Nihon
Denshi, Tokyo, Japan).

Statistical Analysis

The length of disease-free survival was defined as
the period from the date of surgery to the date when
recurrence was diagnosed, and that of overall
survival was defined as the period until the date of
either death as a result of the tumor or the most
recent follow-up. Survival curves were plotted using
the Kaplan-Meyer method and P-values were
calculated using the log-rank test. The correlations
between several clinicopathological characteristics
and histological subgroups were evaluated using
the y* test. P-values of less than 0.05 were
accepted as significant. Data were analyzed with
Statistical Standard Package Service Solution
software (SPSS for Standard version 15.0; SPSS
Inc, Chicago, IL, USA).

Results
Histological Examination

Of the 383 cases of adenocarcinoma, 103 (27%), 69
(18%), 182 (48%), and 29 (7%) were in the
dominant bronchioloalveolar carcinoma, acinar,
papillary, and solid with mucin subtypes, respec-
tively (Table 1).

On histology, micropapillary tufts had no fibro-
vascular core and were detected in the alveolar
space (Figure 1a), or in spaces inside the tumor that
in most cases represented retracted connective
tissue (Figure 1b), and adjacent to any of the
above-mentioned four histological pattern subtypes.
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The micropapillary pattern was detected in 184
patients (109 men and 75 women), with 19 (11%),
33 (18%), 117 (63%), and 15 (8%) in the dominant
bronchioloalveolar carcinoma, acinar, papillary, and
solid with mucin subtypes, respectively (Table 1).

The extent of the micropapillary pattern present
in tumors varied. The numbers of patients with
focal, moderate, and extensive were 65 (35%), 85
(46%), and 34 (19%), respectively.

In the three cases studied using serial sections, we
found that most tufts had continuity with other tufts
and main tumor. For example, a tuft marked by
(wepp) in section 12 was consecutive with another
tuft in section 8 and with the main tumor in section
1. Two isolated tufts, identified by () in section 4,
were shown to be consecutive in section 10. There
also existed several tufts lacking continuity with any
other tuft. The tuft marked by (—) in sections 5, 6,
and 7 could not be confirmed to be continuous with
any other tuft (Figure 2). Micropapillary tufts were
observed to present an intricate morphology.

Immunohistochemical Findings

E-cadherin was positive at intercellular cell mem-
branes in every micropapillary tuft, and showed no
difference in staining intensity when compared with
neoplastic cells in the main tumor (Figure 3a).
p-Catenin staining showed the same pattern as
E-cadherin (Figure 3b). Tight adhesion of cells
constituting micropapillary tufts was therefore be-
lieved to be maintained. Laminin was identified in
the basement membrane of normal alveolar cells and
neoplastic cells of the main tumor, but on the other
hand, it was not found in any cell constituting
micropapillary tufts (Figure 3c). It is most likely that
cells constituting micropapillary tufts had no base-
ment membrane and therefore showed disordered
continuity with the matrix. Cells constituting micro-
papillary tufts appeared to pile up. CD34-positive
cells were enriched in the stroma of the main tumor
and in the alveolar septum, whereas no CD34-
positive cells were found in any micropapillary tuft
(Figure 3d). No vascularity was observed in micro-
papillary tufts. These findings were confirmed in
all 20 cases. Differences in staining pattern and
intensity between cases with and without lymph node
metastasis (N = 10 each) were not found. To determine
whether cells composing micropapillary tufts had
proliferation potency, Ki-67 staining was performed.
Cells constituting micropapillary tufts showed posi-
tive staining for Ki-67 (Figure 3e); positive rates ranged
from 5 to 45% with a mean of 20.3%. Cells
constituting micropapillary tufts were therefore be-
lieved to have proliferation potency.

Electron Microscopy

Electron microscopy showed no basement mem-
brane aor vascular structures. Microvilli were some-



