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Table 1 The clinical findings of the 52 patients with acute
exacerbation of idiopathic pulmonary fibrosis on admission

Characteristic Data
Patient, No. (maleffemale) 5203814
Age, years old, mean (range) 71.1 (47-86)
Smoking {(current/former/never) 9/22/21
gymptoms RSN e
Dyspnea 52 (100%)
Cough 41 (78.8%)
Fever 22 (42.3%)
Hemoptysis 2 (3.8%)

Comorbidities

Diabetes 18 (34.6%)
Chronic heart failure 12 (23.1%)
Cancer 7 (13.5%)
Pulmonary hypertension 1 (1.9%)
Prior treatment(s)
Corticosteroid monotherapy 13 (25.0%)
Corticosteroid plus immunosuppressive agent 12 (23.1%)
Pirfenidone 5 (9.6%)

Home oxygen therapy 15 (28.8%)

Blood sample findings
WBC, /ul, mean (range) 11434 (4000-21300)

9.36 (0.1-25.9)

479.2 (138-4135)

1855 (507-7280)

545 (144-2500)

CRP, mg/dl, mean (range)
LDH, IU/L, mean (range)
KL-6, U/ml, mean (range)

SP-D, ng/ml, mean (range)

Data are presented as the n and means.

the development of dyspnea within 30 days and were
hospitalized at the time of death. A large majority of pa-
tients experienced acute episodes of AE-IPE including 41
(78.8%) patients with coughing and 22 (42.3%) patients
with a fever. Only one patient was diagnosed with pul-
monary hypertension prior to AE-IPF, whereas 12 patients
were additionally diagnosed with pulmonary hypertension
at the onset of AE-IPF based on the findings of right heart
catheterization and/or transthoracic echocardiography
[18]. The median survival period for the patients with AE-
[PF was approximately 29 days (range: 1 to 134 days) from
admission.

Nearly half of the patients had received corticosteroid
therapy before AE-IPF. The therapeutic regimens for
AE-IPF are shown in Table 2. Forty-five (86.5%) pa-
tients had received high-dose corticosteroid therapy,
43 (82.7%) had received antibacterial drugs and 27
(51.9%) were on mechanical ventilation due to hypox-
emia. Sulfamethoxazole/trimethoprim was used to pre-
vent pneumocystis pneumonia in 21 (40.4%) patients.
Six (11.5%) patients developed pneumothorax prior to
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Table 2 The therapeutic regimen use for the AE-IPF
Treatment

No. (%)
High-dose corticosteroids 45 (86.5)
Immunosuppressive agents 15 (288)
Sivelestat sodium 17 (32.7)
PMX-DHP 7 (13.5)
Anticoagulant therapy 12 231
Mechanical ventilation 27 (519)
NPPV 4 (7.7)
Antibacterial drug 43 (827)
Carbapenems 15 (28.8)
Quinolones 12 (23.1)
Penicillin-based drugs 477
Cephems 5(96)
Others 7 (13.5)

Abbreviations: AE-IPF Acute exacerbation of idiopathic pulmonary fibrosis,
PMX-DHP Polymyxin-B direct hemoperfusion, NPPV Noninvasive positive
pressure ventilation.

death and 26 (57.8%) developed insulin-dependent dia-
betes after receiving high-dose corticosteroid therapy.

Pathological findings

The mean duration between death and autopsy was
286 minutes (range: 60 to 990 minutes). Overall, the
median weights of the right and left lungs were 658 g
(range: 320 to 1,330 g) and 552 g (range: 260 to 1,000 g),
respectively. These median weights were remarkably
heavier than the standard lung weights reported for
Japanese males (right and left lung weights: 474 and
404 g, respectively) [19]. The underlying pulmonary fibrotic
lesion was classified as exhibiting the UIP pattern in all
cases. Forty-one (78.8%) patients had DAD (Figure 1A-D),
15 (28.8%) patients had pulmonary hemorrhage (Figure 2A),
nine (17.3%) patients had pulmonary thromboembolism
(Figure 2B) and six (11.5%) patients had lung carcinoma
(Table 3). Only two of the 15 AE-IPF patients with pulmon-
ary hemorrhage received anticoagulant therapy.

The pathological findings in the 11 patients with AE-IPF
who met the 2007 criteria but did not have DAD were in-
dicative of UIP alone (n=5), alveolar hemorrhage (n=3),
pulmonary thromboembolism (n= 1), OP (n=1) and lung
adenocarcinoma (n = 1) (Figure 3). There were no sig-
nificant differences in any of the patient characteristics
between the UIP with DAD and UIP without DAD
groups on admission. In addition, there were no corre-
lations or significant differences between the degree of
pulmonary hypertension and histological variation.
Among the 52 patients with AE-IPF, 13 (25.0%) exhib-
ited gastrointestinal hemorrhage and 18 (34.6%) dis-
played right ventricular hypertrophy (Figure 2C) as
extrapulmonary findings.
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Figure 1 A 78-year-old male with acute exacerbation of idiopathic pulmonary fibrosis (AE-IPF). High resclution computed tomography
(HRCT) images at the initial diagnosis of IPF showed subpleural-predominant interstitial fibrosis, traction bronchiectasis (arrow) and honeycombing
(arrowhead) (A). HRCT images at the onset of acute exacerbation (12 months after the initial diagnosis) showed diffuse areas of ground glass
attenuations superimposed on underlying fibrotic opadities (B). The underling fibrotic lesions were classified as the UIP pattern, including dense
interstitial fibrosis with focal squamous or bronchial metaplasia (inset), alternating with only bland-looking alveolar walls (H&E, x100) (C). DAD with
hyaline membranes (inset) superimposed on a background fibrotic and edematous lung with several fibroblastic foci (H&E, x100) (D).

Infectious causes

Of the 52 autopsies performed, death was attributed to
bronchopneumonia in 15 (28.8%) patients (Table 4). In
these cases, the pulmonary infectious lesions were not
diagnosed until autopsy. The causes of infection included
fungal infection in seven cases (13.5%), CMV infection
(Figure 2D) in six cases (11.5%) and bacterial infection in
five cases (9.6%). One patient with pulmonary aspergillosis
died on the first day after AE-IPF; however, the post-
mortem pathological findings of the lungs in this case
primarily showed a DAD pattern, with only slight
bronchopneumonia induced by aspergillosis. Gram staining
demonstrated the infectious bacteria to be Gram-negative
rods and Gram-positive cocci. Pneumocystis pneumonia
was not detected in any patient in the present study. All
patients with AE-IPE, except one, had received high-dose
corticosteroid therapy and/or immunosuppressive agents.
There were also no significant differences in the time
interval between the diagnosis of AE-IPF and death based

on whether the patient was diagnosed with infectious
disease (29.8 vs 31.1 days, p = 0.87).

Discussion

In this study, we retrospectively analyzed the autopsy
findings of AE-IPF and clarified that AE-IPF exhibits a
variety of pathological findings in addition to DAD.
Moreover, the AE-IPF patients were diagnosed with vari-
ous infectious diseases and complications during their
clinical course after AE-IPFE.

DAD has been reported to be the focal pathological
finding of AE-IPF [9]. DAD also accounted for many cases
of AE-IPF in the present investigation, involving a mixture
of pulmonary hemorrhage, pulmonary thromboembolism
and OP. However, DAD was not observed in all cases. In
particular, pulmonary hemorrhage was a representative
pathological finding in the AE-IPF patients without DAD.
Pulmonary hemorrhage is rarely encountered during
the course of IPF [20-22], and it is difficult to make a
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Figure 2 The histopathological findings of the lung specimens obtained at autopsy. The microscopic findings of the lung showed diffuse
alveolar hemorrhage (arrows) without any specific evidence of vasculitis (A) or pulmonary thromboembolism (B} (H&E, x10). The macroscopic
findings of the heart showed overt right ventricular hypertrophy, confirmed by an increased (25 mm) right ventricutar wall thickness
{double-headed arrows) (C). Immunohistochemical staining of an inflamed lung tissue specimen revealed a number of specific
cytomegalovirus-positive cells (profiferating type Il pneumocytes) (D).

=

Table 3 The autopsy findings of patients with AE-IPF

Pathological findings No. (%)
UIP pattern 52 (100)
Diffuse alveolar damage 41 (788)
Alveolar hemorrhage 15 (28.8)
Organizing pneumonia 1019
Pulmonary thromboembolism 9(173)
Lung cancer 6 (115
Bronchopneumonia 15 (28.8)
Bacterial infection 6(11.5)
Fungal infection 7 (13.5)
Cytomegalovirus infection 6(115)
Extrapulmonary findings
Gastrointestinal hemorrhage 13 (250
Right ventricular hypertrophy 18 (34.6)

Abbreviations: AE-IPF Acute exacerbation of idiopathic pulmonary fibrosis,

UIP Usual interstitial pneumonia.

premortem diagnosis in actual clinical practice without
performing BAL. Nevertheless, careful attention is re-
quired in such cases, as the use of BAL in IPF patients
may increase the risk of acute exacerbation [23]. More-
over, pulmonary thromboembolism frequently occurs
as a complication during the course of IPF [24] and
can be an important differential diagnosis of AE-IPF.
Regarding acute respiratory distress syndrome (ARDS),
in which the diagnostic criteria are based on clinical
findings, in the same manner as AE-IPF, Patel S.R. et al.
reported that they investigated the pathological findings
of 57 cases satisfying the diagnostic criteria for ARDS
via open-lung biopsy, with DAD observed in 23 patients
(40.3%) [25]. On the other hand, ancther study reported
specific infections in eight patients (14.0%), diffuse alveo-
lar hemorrhage in five patients (8.8%) and bronchiolitis
obliterans organizing pneumonia in five patients (8.8%).
Moreover, Esteban A. et al. found that, although DAD
was observed in 112 of 127 autopsy cases satisfying the
diagnostic criteria for ARDS, the following diseases were
observed in patients without DAD, in order of descending
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Figure 3 A flow diagram showing the pathological findings of the patients with AE-IPF. *One patient showed pulmonary thromboembolism

prevalence: pneumonia, pulmonary hemorrhage, pulmon-
ary edema and pulmonary embolism [26]. The findings of
such diverse pathological features are very similar to the
results of the present study. To date, very few investiga-
tions have been carried out regarding the pathological
findings of AE-IPF, and the present study is the first report
to summarize the features of autopsy cases involving the
“acute exacerbation” of IPF. In this study, although the
diagnosis was made while checking the findings of AE-IPF
against the diagnostic criteria, in the same manner as
diagnosing ARDS, not all of the patients with AE-IPF
exhibited DAD, namely only 78.8% of the AE-IPF patients
demonstrated DAD. Moreover, a significant number of

patients who satisfied the diagnostic criteria for AE-IPF
did not have remarkable DAD (11/52, 21.2%). In addition,
we found no findings associated with acute fibrinous or
organizing pneumonia in the AE-IPF patients without
DAD [27]. In these cases, genuine respiratory failure
accompanied the progression of pulmonary fibrosis,
which may constitute the natural course of IPF. Notably,
the results of the present study are supported by the find-
ings of a previous report in which only extensive fibroblas-
tic foci were observed as a pathological finding of an acute
pattern [13]. The incidence of gastrointestinal hemorrhage
and right ventricular hypertrophy, both of which are extra-
pulmonary findings, was 25.0% and 34.6%, respectively.

Table 4 The characteristics of the 15 patients with positive results for infectious causes

Patient, Age Sex Time from AE-IPF Prior treatment Treatment for AE-IPF Mechanical Bacteria Virus Fungus

No. to death (days) for IPF ventilation

1 74 M 1 None None No - - Aspergillus species
2 68 M 8 s High dose corticosteroids, CPA  Yes - (@Y \V

3 6 M 10 None High dose corticosteroids Yes - - Aspergillus species
4 67 M 12 None High dose corticosteroids Yes GPC - -

5 76 F 13 cs High dose corticosteroids, CPA  Yes - - Candia albicans

6 78 M 15 None High dose corticosteroids No GNR (@A

7 68 M 19 None High dose corticosteroids, CPA  Yes GPC - -

8 83 M 19 CS, GsA High dose corticosteroids, CsSA No - - Aspergillus species
9 71 M 20 & High dose corticosteroids Yes - - Aspergillus species
10 68 M 22 None High dose corticosteroids Yes - My -

1 81 M 35 (& High dose corticosteroids, CPA - No - - Aspergillus species
12 68 F 38 None High dose corticostercids, CPA  Yes - cwv -

13 5 M 4 CS, GsA High dose corticosteroids No GPC,GNR  CMV -

14 76 M 58 None High dose corticosteroids, CPA  Yes - My

15 80 M 122 cs High dose corticosteroids No GNR - Aspergillus species

Abbreviations: AE-IPF Acute exacerbation of idiopathic pulmonary fibrosis, CS Corticosteroid, CPA Cyclophosphamide, CsA Cyclosporine, GPC Gram-positive cocci,

GNR Gram-negative rods, CMV Cytomegalovirus.
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Furthermore, the effects of hypoxic, physical and psycho-
somatic stress [28] and high-dose corticosteroid therapy
[29] must be considered with respect to gastrointestinal
hemorrhage. Right ventricular hypertrophy may be caused
by pulmonary hypertension [30] at the end stage of AE-IPF.
Moreover, the relationship between IPF and pulmonary
hypertension is important, and Judge and colleagues re-
cently reported that pulmonary hypertension is associated
with acute disease exacerbation as well as poor survival
[31]. Therefore, it is necessary to monitor the potential for
pulmonary hypertension in patients with IPF.

Although there is no established standard therapy
for AE-IPF [10], high-dose corticosteroid therapy
[11,12,14,32-34] and immunosuppressive agents {35,36]
are commonly used in clinical practice. However, a
previous study [37] suggested that these drugs increase
the rates of infectious complications. In addition to the
immunodeficient state caused by corticosteroids and/
or immunosuppressants, the application of intensive
antimicrobial treatment following the acute exacerbation
of pulmonary infection may have affected the results of
the present study. Regardless, similar to recently published
data [38] from a study of gene expression profiling of
patients with AE-IPF, our data demonstrated that an in-
fectious etiology may not be the main cause of AE-IPF.
In fact, all patients underwent treatment with high-dose
corticosteroids and/or immunosuppressive agents, exclud-
ing only one patient, with mechanical ventilation carried
out in more than half of the AE-IPF patients. Moreover,
the pulmonary infections detected in the present study
may have affected, at least in part, the occurrence of re-
spiratory failure leading to death, although there were
no significant differences in the time interval between
the diagnosis of AE-IPF and death based on the pres-
ence of infectious disease. Therefore, in addition to the
detection of pathological findings based on DAD, AE-
IPF eventually causes respiratory failure due to the ef-
fects of accompanying infectious diseases, with patients
thus exhibiting a variety of histopathological features.
The present investigation was carried out among aut-
opsy cases only; therefore, the efficacy of high-dose cor-
ticosteroid therapy against AE-IPF cannot be debated
based on our results. However, taking into consideration
the fact that many patients with diabetes and pneumo-
thorax following acute disease exacerbation underwent
high-dose corticosteroid therapy, such therapy should
be carefully administered based on the tolerability and
efficacy of the treatment in conjunction with multidis-
ciplinary therapies. Physicians should therefore be aware
of the appropriate therapeutic strategies when treating
patients with complications induced by treatment for
AE-IPF. Furthermore, the results of the present study
indicate that it is difficult to distinguish acute exacerba-
tion from other disorders, even if the patient meets the
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diagnostic criteria for AE-IPF. Given the results of this
study, it is very important for clinicians to be alert to the
possibility of other treatable disorders, such as infectious
diseases, as no effective treatment regimen for AE-IPF has
been established to date.

There are several limitations associated with this study.
First, only patients who died and underwent autopsy were
included; therefore, the results may differ based on the
status of onset of AE-IPF. In other words, no patients who
survived after AE-IPF were included, and the present find-
ings thus do not reflect all aspects of the entity of AE-IPF.
Second, we did not perform endotracheal aspiration or
bronchoalveolar lavage due to the presence of severe
hypoxemia in all cases. However, we carefully excluded
patients based on the findings of sputum, laboratory
and physical examinations. In addition, a previous study
reported that the features of clinically suspected acute
exacerbation diagnosed based on the radiological and
clinical course are similar to those of acute exacerbation
diagnosed based on the results of several intensive ex-
aminations, including BAL [39]. Third, this study was
carried out jointly across multiple facilities, primarily
university hospitals, including only Japanese IPF patients.
Hence, potential biases, including racial and institutional
selection, must be considered when interpreting the results.
Finally, 52% of the patients with AE-IPF in the present
study required mechanical ventilation on admission, which
suggests that these patients had a relatively more severe
condition. Therefore, the results of this study may not be
extrapolated to all cases of AE-IPF.

Conclusions

The pathological findings of AE-IPF include DAD as
well as a variety of pathological conditions, and making
a definitive diagnosis of AE-IPF is difficult. Patients with
AE-IPF therefore are at risk of death due to the occurrence
of several complications during their clinical course, includ-
ing the effects of treatment with high-dose corticosteroid
therapy. In patients with AE-IPF, it is very important to
treat the disease by monitoring the patient’s condition and
timely intervening with appropriate treatment.
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ABSTRACT

Cachexia is a frequent complication in patients with respiratory failure, such as lung
fibrosis, and it is a determining factor for functional capacity, health status, and mortality.
Reductions in body weight and skeletal muscle mass are key features of cachexia that are
resistant to current therapies. Rikkunshito (RKT), a traditional Japanese herbal medicine, is
widely used for the treatment for patients with gastrointestinal symptoms and known to

Keywords: stimulate ghrelin secretion. By using bleomycin (BLM)-induced lung fibrosis mice in this
Rikkunshito study, we tested our hypothesis that RKT administration could ameliorate pulmonary
Cachexia cachexia. After BLM administration, mice were provided with either RKT or distilled water
Ghrelin on a daily basis. Compared with the BLM-injected mice, the RKT-treated mice had smaller
Lung fibrosis reductions of food intake and body weight. Skeletal muscle weights were retained in the
Bleomycin RKT-treated mice, in conjunction with reduced expressions of MuRF-1 and atrogin-1 in the
Mice lysates of skeletal muscle found in lung fibrosis. Rikkunshito administration restored the
plasma concentrations of ghrelin in BLM-injected mice. The anticachectic efficacies of RKT
administration in BLM-injected mice were canceled by the concurrent treatment of a
ghrelin receptor antagonist. Rikkunshito administration did not decrease the degree of loss
of body weight or food intake reduction in either ghrelin-deficient mice or growth hormone
secretagogue receptor-deficient mice. Our results indicate that RKT administration exerts
protective effects on pulmonary cachexia by ameliorating skeletal muscle wasting and food
intake reduction as mediated by the ghrelin system and, thus, highlight RKT as a potential

therapeutic agent for the management of lung fibrosis.
© 2014 Elsevier Inc. All rights reserved.
1. Intreduction complicated by cachexia, including cancer [1] and chronic
respiratory failure [2]. Patients with terminal-stage chronic
Cachexia is a critical illness that consists of skeletal muscle respiratory disease, such as chronic obstructive pulmonary

wasting and reduction in body weight [1]. Chronic disorders are disease (COPD) and interstiial lung disease, have common

Abbreviations: BLM, bleomycin; RKT, rikkunshito; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; DW, distilled water; SHT2B

receptor, serotonin 2B receptor; Ghsr™

, growth hormone secretagogue receptor-deficient; ghrelin™~, ghrelin-deficient.
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clinical features. These clinical features include the development
of dyspnea [3,4], an increase in resting energy expenditure [5,6],
and skeletal muscle weakness [2], and all of these can lead to
further deterioration of respiratory function. Several studies
demonstrated that reductions of muscle mass [7] and body
weight [8,9] are important prognostic factors in patients who
have chronic respiratory failure caused by COPD or interstitial
lung disease. Thus, the development of therapeutic strategies for
cachectic conditions, including retention of body weight, food
intake, and/or muscle mass, may provide protective effects in
patients with these respiratory diseases.

Ghrelin is a 28-amino-acid peptide that was initially
isolated from human and rat stomach as an endogenous
ligand of growth hormone secretagogue receptor [10]. In
addition to its stimulatory action on growth hormone release
{10], ghrelin is known to have multifaceted effects on energy
metabolism, which includes the promotion of food intake [11]
and the prevention of muscle catabolism {12]. A previous
study reported the effectiveness of ghrelin in the treatment of
the skeletal muscle wasting that is associated with COPD [13].
Rikkunshito (RKT) is a Kampo (traditicnal Japanese herbal)
medicine thatis used in Japan to treat various gastrointestinal
tract disorders, such as decrease gastric motility after surgery
[14] and functional dyspepsia [15]. Rikkunshito stimulated the
secretion of ghrelin and its downstream signals in humans
[15], and RKT improved anorexia in tumor-bearing rats [16].
We recently reported that both ghrelin [17] and RKT [i8]
administrations mitigated lunginflammation and fibrosisina
bleomycin (BLM)-induced acute lung injury model in mice.
However, the effects of RKT treatment on muscle wasting and
its precise mechanisms in conditions involving respiratory
failure (including lung fibrosis) are not known. Because RKT
promotes ghrelin secretion, we hypothesized that RKT would
have a protective effect against the cachexia associated with
lung fibrosis via ghrelin secretion. The objective of the present
study was to investigate the efficacy of RKT administration in
the amelioration of cachexia in a BLM-induced lung fibrosis
model in mice. We also investigated whether RKT adminis-
tration mitigates the cachexia associated with lung fibrosis
dependently or independently of the ghrelin system.

2. Methods and materials
2.1. Animals

Ten-week-old male C57BL/6] mice {wild-type [WT] mice) were
purchased from Charles River Japan (Yokohama, Japan). Ten-
week-old ghrelin-deficient (ghrelin™") C57/B6/6N mice [19] were
generously provided by Dr Masayasu Kojima (Kurume University).
Growth hormone secretagogue receptor-deficient (Ghsr~) C57/
B6/6N mice [20] were generously provided by Dr. Roy G. Smith
(Baylor College of Medicine, Houston, TX, USA). All mice weighed
22 to 29 g and were individually housed in plastic cages. They
were kept in an air-conditioned room with the temperature set at
23 = 1°C, humidity fixed at 55% * 10%, and with a 12-hour light/
dark cycle. The mice were fed a standard laboratory chow
with ad libitum access to food, unless otherwise stated in the
study protocol. All experimental procedures were performed

in accordance with the Japanese Physiological Society’s Guide-
lines for Animal Care and approved by the Ethics Committee on
Animal Experimentation of the University of Miyazaki and the
Laboratory Animal Committee of Tsumura & Co (Ibaraki, Tokyo).

2.2 Chemicals

Bleomycin, ghrelin receptor antagonist ([p-Lys®]-GHRP-6), and
serotonin 2B (SHTZ2B) receptor antagonist (SB215505) were
obtained from Sigma-Aldrich (St Louis, MO, USA) and dissolved
in sterilized saline. Rikkunshito (Tsumura & Co) was industrially
made from a hot water extract that included a mixture of 8 types
of the following medical herbs: Atractylodes lancea rhizome (4.0 g,
Ginseng radix (4.0 g), Pinelliae tuber (4.0 g), Hoelen (4.0 g}, Zizyphi
fructus (2.0 g), Aurantii nobtlis pericarpium (2.0 g), Glycyrrhizoe radix
(1.0 g}, and Zingiberis rhizome (0.5 g). It was then spray-dried, and
RKT was dissolved in distilled water (DW).

2.3. Bleomycin administration

The intratracheal administration of BLM was performed, as
previously described [21]. Briefly, mice were anesthetized by an
intraperitoneal administration of pentobarbital sodium and were
intratracheally administered 3.0 mg/kg of BLM that was dissolved
in either 50 uL sterile saline or 50 uL sterile saline.

2.4. RKT administration for the determination of its effects
on lung fibrosis, food intake, body weight, and muscle wasting
in BLM-injected mice

At 3 days prior to the above-described BLM administration, either
RKT (1000 mg/kg) or DW was orally administered by gavage. We
designated the BLM-injected, RKT-treated mice as the BLM/RKT
group; the BLM-injected, DW-treated mice as the BLM/DW group;
and the saline-injected, DW-treated mice as the saline/DW
group. Starting with 1 day before and continuing until the 10th
day of the BLM or saline instillation, body weights and food
intake were measured daily. We used the BLM/RKT, BLM/DW,
and saline/DW groups for the measurements of body weights
and food intake (n = 7-11 per group of WT mice, n = 6-13 per group
of ghrelin™ mice, and n = 7-8 per group of Ghsr™" mice). For the
histologic assay (n = 5 per group of WT mice), the immunohis-
tochemical analyses (n = 5 per group of WT mice), the
measurements of the mean cross-sectional area of the gastroc-
nemius muscle (n =5 per group of WT mice), the measurements
of the weight of the gastrocnemius muscle (n = 7-8 per group of
WT mice), the Sircol collagen assay (n = 7-8 per group of WT
mice), and the quantitative reverse transcription polymerase
chain reaction (QRT-PCR; n = 7-8 per group of WT mice), we used 3
additional groups and examined the animals on day 14. In the
analyses of lung fibresis, food intake, body weight, and muscle
wasting, we used the saline/DW group as the control group.

2.5. The administration of RKT for the determination of its
effects on ghrelin secretion in BLM-injected mice

To evaluate the effect of RKT administration on ghrelin secretion,
we used the saline/DW group (control group), the BLM/DW group
(n = 10), the BLM/RKT pair-fed group (n = 10), and the saline/DW
pair-fed group (n = 10). We collected blood samples from the mice
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of these groups on the fifth day. The BLM/RKT pair-fed group and
the saline/DW pair-fed group were fed the same quantities of
diet, as consumed by the mice in the BLM/DW group [22]. Briefly,
the BLM/DW group was administered BLM 1 day before the saline
injection was given to the saline/DW pair-fed group and the BLM
injection was given to the BLM/RKT pair-fed group, and the
amount of food intake was measured. The saline/DW pair-fed
group and the BLM/RKT pair-fed group were given access to the
same amount of food that was consumed by the BLM/DW group
on the previous day.

2.6. The administration of growth hormone secretagogue
receptor antagonist for the evaluation of its effect on food
intake in the BLM-injected, RKT-treated mice

At 3 days before the BLM administration, either RKT (1000 mg/kg)
or DW was orally administered by gavage. Starting 1 day after the
BLM injection, either [p-Lys®*|-GHRP-6 (5 or 10 umol/kg) dissolved
in saline or saline alone was intraperitoneally administered daily
during the 7-day interval. We designated the BLM-injected, RKT-
treated, [p-Lys®]-GHRP-6-treated mice as the BLM/RKT/[p-Lys”]-
GHRP-6 group; the BLM-injected, RKT-treated, saline-treated
mice as the BLM/RKT/saline group; the BLM-injected, DW-
treated, saline-treated mice as the BLM/DW/saline group; and
the saline-injected, DW-treated, saline-treated mice as the
saline/DW/saline group (ie, control group). The food intake was
measured daily from 1 day before the BLM or saline administra-
tion until the seventh day. For the measurements of food intake
in WT, we used the BLM/RKT/[p-Lys®]-GHRP-6 (5 umol/kg; n = 19),
BLM/RKT/[p-Lys®]-GHRP-6 (10 umol/kg, n = 16), the BLM/RKT/
saline (n = 13), the BLM/DW/saline (n = 16), and the saline/DW/
saline (n = 19) groups.

2.7.  The administration of 5SHT2B receptor antagonist for
the evaluation of its effects on food intake and ghrelin secretion
in BLM-injected mice

Starting 1 day after the BLM injection, either SB215505 (6.0 mg/kg)
dissolved in saline or saline alone was intraperitoneally admin-
istered daily, during the 5-day interval. We designated the saline-
injected, saline-treated mice as the saline/saline group {control
group); the BLM-injected, saline-treated mice as the BLM/saline
group; and the BLM-injected, SB215505-treated mice as the BLM/
SB215505 group. For the evaluation of the short-term effects of
SB215505 on food intake, we measured the 6-hour food intake
amounts on day 5 of the SB215505 and saline treatment groups.
For the measurements of food intake, we used the saline/saline
(n = 10), BLM/saline (n = 10), and BLM/SB215505 (n = 10) groups. To
evaluate the effect of 5HT2B receptor antagonist on ghrelin
secretion, on the fifth day we examined the following groups:
saline/saline {control; n = 10}, the saline/saline pair-fed (n = 10),
the BLM/saline (n = 10), and the BLM/SB215505 pair-fed (n = 10).
The saline/saline pair-fed group and the BLM/SB215505 pair-fed
group were fed the same quantities of diet as consumed by the
animals of the BLM/saline group.

2.8. Measurement of plasma ghrelin levels

Five days after either BLM or saline injection, blood was taken
by heart puncture and collected in a tube containing aprotinin

and ethylenediaminetetraacetic acid (Wako, Osaka, Japan). It
was mixed well and immediately centrifuged at 4°C. After
plasma collection, a 1/10 volume of 1 mol/L HCl was added.
The prepared plasma was stored at -80°C until the measure-
ment of ghrelin. Ghrelin levels were determined using an
Active Ghrelin or Desacyl-Ghrelin ELISA Kit (Mitsubishi
Kagaku Iatron, Tokyo, Japan), as previously described [23].

2.9. Histology of the lungs

The lungs were removed 14 days after the saline or BLM injection,
fixed in 10% buffered formalin solution, and embedded in
Optimal cutting temperature compound (Sakura Finetek, Tokyo,
Japan). Lung sections (4 um thick) were mounted on slides and
stained with hematoxylin-eosin, as previously described [18].

2.10. Measurement of lung collagen levels

The collagen contents in the lungs were measured by the Sircol
collagen assay, as previously described [17]. Briefly, the lungs were
removed 14 days after BLM or saline injection, washed with cold
phosphate-buffered saline, frozen in liquid nitrogen, and stored at
~70°C until use. The lungs were homogenized in 1 mL of 0.5 M
acetic acid solution by a TissueLyser II (Qiagen, Hilden, Germany).
The homogenate samples were mixed with 4 mL of 0.5 M acetic
acid solution and pepsin (0.1 mg/mL), incubated overmnight at 4°C,
and centrifuged at 13 000xg for 10 minutes. Total lung collagen
levels were determined by measuring soluble collagen in the
lungs with a Sircol collagen assay kit (Biocolor, Carrickfergus, UK},
according to the instructions of the manufacturer.

2.11. Morphometry of muscle fibers

The gastrocnemius muscles were removed and weighed 14 days
after BLM or saline treatment, fixed in 10% buffered formalin
solution, and embedded in Optimal cutting temperature com-
pound. The cross-sectional areas of the gastrocnemius muscle
were measured, as previously described [24]. Briefly, the muscle
sections (6 um) were mounted on slides for immunostaining with
an antibody recognizing laminin (Sigma-Aldrich, Tokyo, Japan). For
each muscle section, the whole muscle cross section was analyzed
to calculate the average fiber size (cross-sectional area) by using
Image ] 1.46 (freeware developed by Dr W. Rasband at the Research
Services Branch, US National Institute of Mental Health, and
available at http//rsb.info.nih.gov/ij). The cross-sectional areas of
muscle sections from 5 mice per group were quantified by using
the Image J. The mean of the cross-secticnal area was calculated
based on the measurements of 166-296 myofibers per mouse.

2.12.  Extraction of messenger RNA and qRT-PCR

As previously described, 14 days after BLM or saline treat-
ment, we measured the messenger RNA (mRNA) levels of
atrogin-1 and MuRF-1{25]. Briefly, the mRNA was extracted
from the whole gastrocnemius muscle using a Ribopure TM
Kit (Life Technologies, Tckyo, Japan). First-strand ¢cDNA was
generated by reverse transcription, using a High Capacity
RNA-to-cDNA Kit {Life Technologies). We conducted a qRT-
PCR using Tagman Fast Universal PCR Master Mix (Life
Technologies) and a Thermal Cycler Dice Real Time System I
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(Takara Bio, Tokyo, Japan). The levels of mRNA were deter-
mined by using cataloged primers (Applied Biosystems, Foster
City, CA, USA) for mice (atrogin-1: Mm00499523_m1 and MuRF-
1: Mm01185221_m1). The expressions of these genes were
normalized to the expression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA (glyceraldehyde-3-phosphate
dehydrogenase: Mm99999915_g1), and the results are expressed
as relative fold differences.

2.13.  Statistical analyses

All values are expressed as the means + SEM. Power analyses
were performed to determine the required sample sizes for
each group, based on the results of preliminary experiments
for the measurements of the mRNA levels of atrogin-1 in
gastrocnemius muscles (saline/DW group: n = 8, BLM/DW
group: n = 7, BLM/RKT group: n = 8, effect size: f = 0.78) by
using G* Power 3 [26]. Assuming the statistical power was 0.8
and 0.9, the required sample sizes were estimated to be 7
animals per group and 9 animals per group, respectively, and
the type I error probability was 0.05. Thus, we determined the
sample sizes as approximately 7 to 10 mice per group. All
values were analyzed using a 1-way analysis of variance
(ANOVA) and followed by Dunnett multiple comparison test,
by using JMP 10 (SAS Institute, Tokyo, Japan). Differences were
considered significant at P values less than .05.

3. Results

3.1.  Rikkunshito administration reduced lung fibrosis in
BLM-injected mice

The lung sections from BLM/DW mice showed extensive lung
fibrosis associated with the destruction of normal lung

saline/DW

BLM/DW
&}~ 5 G T

architecture (Fig. 1A, middle panel). Rikkunshito administra-
tion to the BLM-injected mice ameliorated lung fibrosis and,
comparatively, preserved lung architecture (Fig. 1A, right
panel). The Sircol collagen assay revealed a significant
reduction of collagen contents in the BLM/RKT lungs (Fig. 1B).

3.2, Rikkunshito administration attenuated weight loss
and suppression of food intake in BLM-injected mice

The BLM/DW group showed a significant reduction of body
weight and food intake compared with the saline/DW control
group (Fig. 2). Rikkunshito administration significantly atten-
uated weight loss and the decrease in food intake in the BLM-
injected mice (Fig. 2).

3.3. Rikkunshito administration decreased skeletal muscle
wasting and the levels of catabolic factors in BLM-injected mice

The gastrocnemius muscles of BLM/DW mice exhibited
excessive shrinkage of muscle fibers and reduction of muscle
weights, compared with the saline/DW muscles (Fig. 3A, B).
Rikkunshito administration suppressed the reduction of
muscle fiber size and the loss of muscle weights in the BLM-
injected mice. The mRNA levels of atrogin-1 and MuRF-1 in the
gastrocnemius muscles of the BLM/DW mice were signifi-
cantly higher than those of the saline/DW mice (Fig. 3C).
Rikkunshito administration decreased these parameters in
the BLM-injected mice.

3.4. Rikkunshito administration elevated the plasma
levels of ghrelin and des-acyl ghrelin in the BLM-injected mice

To evaluate the effect of RKT administration on ghrelin
secretion, we used the saline/DW control, the saline/DW
pair-fed, the BLM/DW, and the BLM/RKT pair-fed groups. The

B [ saline/DW
BLM/DW
B BLM/RKT

301

BLM/RKT

20+

15

Collagen content (x100 pg/lung)

Fig. 1 - Effect of RKT administration on lung fibrosis in BLM-injected mice. A, Representative hematoxylin-eosin staining of 4-
pm-thick lung sections of the saline/DW group, BLM/DW group, and BLM/RKT group after an injection of saline or 3.0 mg/kg of
BLM on day 14. The saline/DW group is shown as the control group. The data are representative lung sections from 5 mice per
group. Scale bars: 100 ym. B, Collagen contents in the lungs of saline/DW (425.4 + 36.9 ug, n = 7), BLM/DW {2178.1 £ 220.4 pg, n =
7), and BLM/RKT mice (1560.8 = 134.9 ug, n = 8) 14 days after an injection of saline or 3 mg/kg of BLM. Values are means = SEM.
Data were analyzed by an ANCVA, followed by Dunnett multiple comparison test. *P < .05.
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Fig. 2 - Effects of RKT administration on food intake and weight change in BLM-injected mice. Alterations in body weight (left)
and cumulative food intake (right) 10 days after the instillation of 3.0 mg/kg of BLM or saline in WT mice. Respective body

weight change and cumulative food intake values: saline/DW: -0.3+0.2 g, 32.5+0.6 g, n =11; BLM/DW: -8.2+0.3 g, 124z 1.2 g,
n=11; BLM/RKT: -1.2 0.2 g, 27.7 + 2.3 g, n = 7. Control group: saline/DW. Values are means = SEM, analyzed by 1-way ANOVA

and then Dunnett multiple comparison test. ‘P < .05.

plasma levels of ghrelin and des-acyl ghrelin in the BLM/DW
mice were significantly lower than those of the saline/DW
pair-fed mice (Fig. 4). In contrast, these parameters in the
BLM/RKT pair-fed group were significantly higher than those
of the BLM/DW group (Fig. 4).

3.5.  Rikkunshito administration mitigated the weight loss
and reduction of food intake in BLM-injected mice, dependently
of the ghrelin system

The administration of RKT did not attenuate the degree of
loss of body weight or food intake reduction in either the
ghrelin™~ or Ghsr™~ mice, after BLM injection (Fig. 5A, B). The
treatments with both 5 and 10 umol/kg of [p-Lys®]-GHRP-6
abrogated the ameliorative effect of RKT administration on
the reduction of food intake in BLM-injected mice (Fig. 6).

3.6. Serotonin 2B receptor antagonist administration mitigated
the reduction of food intake and elevated the plasma levels of
ghrelin and des-acyl ghrelin in BLM-injected mice

We examined the mechanisms of how RKT stimulates ghrelin
secretion in BLM-injected mice. Flavonoids contained in RKT,
such as hesperetin, heptamethoxyflavone, and isoliquiritigenin,
have SHT2B receptor antagonistic activity [23]. It was reported
that the administration of SHT2B receptor antagonist attenuated
the decreases in food intake and plasma ghrelin levels in
cisplatin-treated rats [23]. Thus, we evaluated the influence of
the antagonism of SHT2B receptor on food intake and ghrelin
secretion in BLM-injected mice. The administration of SB215505
mitigated the food intake reduction in BLM-injected mice
(Fig. 7A). The levels of plasma ghrelin and des-acyl ghrelin in
the BLM/SB215505 pair-fed group were higher than those of the
BLM/saline group (Fig. 7B).

4, Discussion

The results of the present experiments demonstrate the protec-
tive effect of RKT against cachectic conditions associated with
lung fibrosis. Rikkunshito administration mitigated the reduction
of food intake, lessened body weight loss, and elevated plasma
levels of ghrelin in BLM-injected mice. For the first time, we also
demonstrated that RKT administration results in retained skeletal
muscle mass in BLM-injected mice with a suppression of the
expressions of the muscle-specific E3 ubiquitin ligases. Chronic
respiratory diseases [9,27] such as lung fibrosis [28] lead to
impaired function of skeletal muscles due to muscle wasting.
This is a life-threatening condition {7,29] due to the impairment of
normal activity and further deterioration of respiratory function.
Prevention of skeletal muscle wasting is one of the top necessities
for control of cachectic status associated with chronic respiratory
disease [30]. However, current therapeutic strategies to combat
muscle atrophy are quite limited. Our findings suggest that RKT
may be developed intc an effective treatment for pulmonary
cachexia patients by exerting protective effects against decreased
appetite and muscle wasting.

Rikkunshito significantly improved decreased food intake
and body weight in mice with BLM-induced lung fibrosis,
whereas administration of a ghrelin receptor antagonist
reduced the food intake and body weight gain in obese mice
[31]. In the present study, the plasma ghrelin levels in the
BLM/DW mice were significantly lower than their counter-
parts in the saline/DW pair-fed mice group. Rikkunshito
administration significantly elevated this parameter under
the pair-fed condition in BLM-injected mice. The administra-
tion of the ghrelin receptor antagonist in BLM/RKT mice
inhibited the RKT’s alleviative effect on the reduction of food
intake in BLM-injected mice. Moreover, the administration of
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Fig. 3 - Effect of RKT administration on muscle wasting in BLM-injected mice. A, Representative profiles of immunostaining of
laminin (green) of the 6-um-thick sections of gastrocnemius muscles of the DW, BLM/DW, and BLM/RKT groups 14 days after
BLM or saline treatment. Control group: saline/DW. Data shown are representative right gastrocnemius muscles sections
(CSAs) from 5 mice per group. Scale bars: 200 ym. B, The mean cross-sectional areas of gastrocnemius myofibers are shown
(saline/DW: 1481.7 = 50.4 ym? BLM/DW: 835.3 = 16.7 ym? BLM/RKT: 1011.9 + 59.4 ym?). The mean CSA of the right
gastrocnemius muscle was calculated based on the measurements of 166 to 296 myofibers per muscle from 5 mice per group,
by using Image J 1.46. Values are means = SEM. G, The mean weights of gastrocnemius muscles (saline/DW: 0.153 £ 0.004 g, n =
8; BLM/DW: 0.104 = 0.005, n = 7; BLM/RKT: 0.124 + 0.007, n = 8). D, The mRNA levels of atrogin-1 and MuRF-1 in the lysates of
gastrocnemius muscle from the saline/DW (1.0 + 0.17, 1.0 = 0.10; n = 8), BLM/DW (2.27 + 0.58, 3.70 + 1.02; n = 7), and BLM/RKT
(0.98 = 0.14, 1.34 = 0.34; n = 8) groups 14 days after BLM or saline treatment. Values are expressed as means = SEM relative to

saline/DW controls, analyzed by 1-way ANOVA and then Dunnett multiple comparison test. *P < .05; *P < .01.

RKT did not decrease the degree of weight loss and food
intake reduction in both ghrelin™" and Ghsr™~ mice, after BLM
injection. These findings suggest that RKT administration
exerts protective effects on the retention of feeding and body
weight through the ghrelin system in BLM-injected mice. The
antifibrotic effects of RKT might also indirectly contribute to
mitigate food intake reduction and body weight loss through
the improvement of respiratory status in BLM-injected mice.

Rikkunshito administration mitigated skeletal muscle
wasting in mice with BLM-induced lung fibrosis. Skeletal
muscle atrophy is an important prognosis factor in patients
with pulmonary cachexia [30]. With the progression of
skeletal muscle atrophy, the local production of IGF-1 in
skeletal muscle is inhibited [32], and the expressions of
atrogin-1 and MuRF-1, which are muscle-specific E3 ubiquitin
ligases that promote the degradation of proteins, were
augmented [33]. Ghrelin is reported to increase the local
production of IGF-1 [34], to inhibit the expressions of atrogin-1
and MuRF-1{12,34], and to suppress muscle atrophy [12,34]. In

the present study, we demonstrated increased mRNA expres-
sions of atrogin-1 and MuRF-1 mRNA in mice with BLM-
induced lung fibrosis. The increases of these parameters were
inhibited by RKT administration with a restoration of skeletal
muscle wasting. Rikkunshito administration may exert pro-
tective effects against skeletal muscle wasting through its
promotion of the activity of ghrelin expression.

The administration of the SHT2B receptor antagonist
inhibited the decrease of the plasma ghrelin level and the
reduction of food intake in RLM-injected mice. Serotenin 2B
receptors are distributed in the glandular stomach, and the
stimulation of these receptors is reported to reduce food
intake [35]. A previous study demonstrated that ghrelin
secretion from the gastric mucosa was inhibited by the
stimulation of SHT2B receptors [36]. Another study showed
that some of the flavonoids contained in RKT, such as
heptamethoxyflavone, isoliquiritigenin, and hesperidin, had
antagonistic effects on 5HT2B receptor [23], and the adminis-
trations of these flavonoids suppressed the reduction of
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Fig. 4 - Effects of RKT administration on the plasma levels of ghrelin and des-acyl ghrelin in BLM-injected mice. The respective
plasma levels of ghrelin and des-acyl ghrelin of the DW (133.7 + 7.9 fmol/mL, 497.0 = 28.2 fmol/mL; n = 10), the saline/DW pair-fed
(667.9 = 174.7 fmol/mL, 2626.0 = 584.4 fmol/mL; n = 10), the BLM/DW (109.2 6.6 fmol/mL, 472.5 = 18.3 fmol/mL; n = 10), and the BLM/
RKT pair-fed group (188.1 + 18.4 fmol/mL, 1003.3 + 172.4 fmol/mL; n = 10). The BLM/RKT pair-fed group and saline/DW pair-fed group
were fed the same quantity of diet as that consumed by animals of the BLM/DW group. Control group: saline/DW. Data are means =
SEM, analyzed by 1-way ANOVA and then Dunnett multiple comparison test. *P < .05.

plasma ghrelin levels in cisplatin-treated rats [23]. Therefore, as that of RKT, mitigated food intake reduction associated
the effect of RKT on the induction of plasma ghrelin might be, with a novelty stress model in mice [37].

at least in part, mediated by its antagonistic activity against Previously, we found that ghrelin administration led to the
SHT2B receptors. This is supported by a recent report stating alleviation of decreased food intake in a murine model of lung

that an administration of SHT2B receptor antagonist, as well fibrosis [17]. In that study, a large amount of exogenous
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Fig. 5 - Effects of RKT administration on food intake and weight change in BLM-injected, ghrelin-deficient mice and BLM-injected,
growth hormone secretagogue receptor-deficient mice. A, Alterations in body weight and cumulative food intake for 10 days after the
instillation of 3.0 mg/kg of BLM or saline in ghrelin-deficient (ghrelin™") mice. Saline/DW (bedy weight change 0.3 = 0.3 g, cumulative
food intake 21.4 + 1.0 g; n = 6), BLM/DW (-6.3 £+ 0.4 g, 7.5 £ 0.9 g; n = 13), and BLM/RKT (-5.5+ 0.3 g,9.5 + 0.8 g; n = 11). B, Alterations in
body weight and cumulative food intake for 7 days after the instillation of 3.0 mg/kg of BLM or saline in the growth hermone
secretagogue receptor-deficient (Ghsr~) mice. Saline/DW (body weight change 0.0 + 0.3 g, cumulative food intake 19.5 £ 0.8 g; n = 8),
BLM/DW (-5.9 0.4 g, 8.9 + 0.6 g; n = 7), and BLM/RKT (-4.6 + 0.6 g, 10.6 + 1.2 g; n = 8). Control group: saline/DW. Data are means = SEM,
analyzed by 1-way ANOVA and then Dunnett multiple comparison test. *P < .05.
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Fig. 6 - Effects of RKT administration on food intake in
BLM-injected, growth hormone secretagogue receptor
antagonist-treated mice. Cumulative food intake in the saline/
DW/saline group (22.3 = 0.6 g, n = 19), BLM/DW/saline group
(10.8 £ 0.7 g, n = 16), BLM/RKT/saline group (16.2 + 1.3 g, n = 13),
BLM/RKT/[p-Lys?]-GHRP-6 5 pmol/kg group (11.6 + 1.0 g, n = 19),
and the BLM/RKT/[p-Lys”]-GHRP-6 10 pmol/kg group (10.3 = 0.9
g, n=16)for 7 days after BLM or saline treatment Rikkunshito or
DW was administered orally, starting 3 days before the BLM
administration during the study interval. [p-Lys®]-GHRP-6 (5 or
10 pmol/kg) dissolved in saline or saline alone was
intraperitoneally administered daily over the 7-day interval
starting 1 day after BLM injection. Control group: saline/DW/
saline. Data are means = SEM, analyzed by 1-way ANOVA and
then Dunnett multiple comparison test. *P < .05.

ghrelin was necessary to increase the food intake in BLM-
injected mice [17]. Therefore, with regard to the increase in
food intake, mice with BLM-induced lung fibrosis may be
resistant to ghrelin stimulation. In vitro studies have shown
that RKT and its constituent compounds, atractylodin and
atractylodinol, enhanced the binding activity of ghrelin to the
growth hormone secretagogue receptor and alsc sustained
the ghrelin-induced cytosolic Ca®* concentration increase in
growth hormone secretagegue receptor-expressing cells [16].
The orexigenic effect of peripheral ghrelin depends on the
vagal afferent activity mediated by an interaction with ghrelin
and GHS-R1a, which is expressed at vagal afferent terminals
[38]. Thus, RKT might increase food intake in BLM-injected
mice by intensifying transduction of ghrelin signals to the
brain via the afferent vagal nerve through the up-regulation of
the binding activity of ghrelin to GHS-Rla. Supporting this
idea, our previous study revealed that although RKT mitigated
weight loss and decrease of food intake in BLM-injected mice,
the plasma ghrelin levels of RKT-administered, BLM-injected
mice were significantly lower when compared with the levels

in BLM-injected mice that were administered a pharmacolog-
ic dose of ghrelin [17,18].

There are some important methodological limitations in
this study. First, the model of BLM-induced lung fibrosis is not
completely relevant to the clinical manifestation of lung
fibrosis. The intratracheal injecion of BLM induces an
inflammatory cell infiltration in the lung parenchyma before
the development of lung fibrosis [21]. In addition, although
clinical presentations of lung fibrosis are progressive, BLM-
induced lung fibrosis may be self-limiting 28 days after the
BLM injection [21]. Second, there are differences in RKT
between clinical doses and the experimental dose used in
this study. The standard prescribed dose of RKT in patients
with gastric symptoms is 7500 mg/d (approximately 150 mg
kg™ d™* in a person weighing 50 kg) [15]. In the present
experiments, we used a higher dosage (1000 mg kg™ d™%) of
RKT, compared with the standard prescribed dosage. Because
a low dosage (500 mg kg™ d) of RKT did not mitigate the
body weight reduction but a high dosage (1000 mg kg™ d™%) of
RKT did mitigate it in BLM-injected mice [18], we set the
experimental dosage of RKT at 1000 mg kg™ d™*. Third, it is
notyet known which components of RKT are effective against
pulmonary cachexia. Among the metabolites derived from
RKT components, 8-prenylnaringenin was reported to pre-
vent disuse muscle atrophy in denervated mice [39], and
isoliquiritigenin was reported to attenuate food intake reduc-
tion in novelty stress model mice [37]. Further studies should
be conducted to identify the RKT components that contribute
to the relief of muscle wasting and food intake reduction as
well as their precise mechanisms.

In summary, our results demonstrated the efficacy of RKT
administration in a rodent model of pulmonary cachexia
associated with lung fibrosis. Rikkunshito administration did
not mitigate reduction of food intake or decrease of body
weight in ghrelin™" mice, Ghsr~~ mice, or ghrelin receptor
antagonist-treated WT mice under the conditions of lung
fibrosis. These findings support our initial hypotheses that
RKT administration exerts protective effects on pulmonary
cachexia by mitigating skeletal muscle wasting and food
intake reduction, dependent of the ghrelin system. The
results highlight RKT as a potential therapeutic agent for the
management of this intractable disease.
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Cancer cachexia is a multifactorial, critical iliness syndrome characterized by an ongoing loss of skeletal
muscle and adipose tissue. The reductions in body weight and skeletal muscle mass are important
prognostic indicators for cancer patients that are refractory to current therapies. Ghrelin, an endogenous
ligand for the growth hormone secretagogue receptor, is produced in the stomach, stimulates food
intake and growth hormone secretion, suppresses inflammation, and prevents muscle catabolism. We
investigated the pharmacological potential of ghrelin in the treatment of cancer cachexia by using
urethane-treated, bronchioalveolar epithelium-specific Pten-deficient mice that developed lung adeno-
carcinomas. Ghrelin or phosphate-buffered saline was given to mice daily for four weeks beginning at
five months after urethane injection, which corresponded to the time point of lung adenocarcinoma
formation. Ghrelin inhibited the inductions of C-reactive protein, tumor necrosis factor-o, interleukin-1g,
and interleukin-6, mitigated the reduction of food intake and fat mass, and consequently ameliorated
body weight loss in the mouse model of lung adenocarcinoma. We also demonstrated that skeletal
muscle mass and muscle contraction force in both fast-twitch muscle and slow-twitch muscle were
retained in ghrelin-treated mice in conjunction with an upregulation of local insulin-like growth factor
1/Akt signaling. In addition, ghrelin administration reduced the expressions of phosphorylated-p38
mitogen-activated protein kinase, phosphorylated-nuclear factor-kappa B, Forkhead box protein O1,
muscle RING-finger protein-1, and F-Box protein 32 in the lysates of skeletal muscle in the tumor-
bearing state. Our results indicate that ghrelin administration exerts a protective effect against cancer
cachexia by ameliorating skeletal muscle wasting and regulating systemic inflammation.

© 2014 Elsevier B.V. All rights reserved.

1. Imtroduction

Cancer cachexia affects up to 80% of patients with advanced can- (MuRF1)/F-Box protein-32 (Atroginl) pathway (Zhou et

factor 1 (IGF1)/insulin receptor substrate 1/Akt pathway and the
Forkhead box protein O1 (FoxO1)/muscle RING-finger protein-1
Lo2010).

cers and accounts for nearly 30% of cancer-related deaths (4 e
at al, 200 1 ). A key feature of cachexia is swmﬁcam
reduction in body weight resulting Dxedommaqtly from progressive
depletion of skeletal muscle mass (7« 312). Muscle atrophy
leads to general muscle weakness, impair ment of activity of daily life,
and eventually death through respiratory failure. The mechanisms of
cancer cachexia are multifactorial, and cannot be fully reversed by
nutritional support alone. Various hormones, proinflammatory cyto-
kines, and tumor-derived factors have been shown to influence muscle
protein synthesis/degradation balance through several major intracel-
lular signal-transduction systems, including the insulin-like growth
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vazalki w.ac s (M. Nakazato).
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Ideal interventions against cancer cachexia should exert their effects
both upstream (antagonizing key mediators of systemic inflammaticn)
and downstream (blocking catabolic pathways or stimulating anabelic
pathways in skeletal muscle) (Fearon et al, 2012). Despite recent
advances in understanding the pathological mechanisms of cancer
cachexia, few therapeutic options are currently available. In addition,
there is no ideal rodent cancer cachexia model for replicating the
condition in humans.

Ghrelin is a 28-aminc-acid peptide initially isolated from the
human and rat stomach as an endogenous ligand for the growth
hormone secretagogue (GHS)-receptor (K et al, 1999). While
ghrelin has a potent orexigenic effect independently of growth
hormone (GH) secretion, ghrelin is also known to have multifaceted
effects on energy metabolism, including decrease of energy expendi-
ture (Yasuda et al. 2063), stimulation of adiposity (Tschop et al, 2000),
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and prevention of muscle catabolism (Koshinaka et al., 2011; Sugiyaima

er al, 2012). In addition, ghrelin inhibits the expression of proinflam-
matory anorectic cytokines in human monocytes and T cells (Dixit
et al, 2004). These observations suggest that ghrelin might impr-
ove cachectic conditions. Previous studies using tumor implantation
models have reported that ghrelin administration resulted in signifi-
cant increases in food intake and body weight (DeBoer et al, 2007;
Hanada et al. 2003). However, the therapeutic effect and molecular
mechanisms of ghrelin treatment against cancer cachexia, including
muscle wasting, remain unknown, especially in the context of a model
of cancer development.

We previously reported that almost all mice with a bronch-
ioalveolar epithelium-specific null mutation of Pten, a tumor
suppressor gene mutated in many human cancers, including lung
adenocarcinoma (®arsit et 21, 2005, Tang et al, 2005), sponta-
neously developed lung adenocarcinomas ( gi et al, 2007).
This animal model of lung adenocarcinoma is highly reprodumbl
and accelerates cancer formation over a relatively short time
course by administration of urethane, a well-known initiator of
lung carcinomas (Malkinson and Beer, 1983). In this study, we
showed that there were marked upregulations of markers of
muscle atrophy and proinflammatory cytokines as well as sig-
nificant reduction in body weight and loss of skeletal muscle mass
in urethane-treated, bronchioalveolar epithelium-specific Pten-
deficient mice. To investigate the efficacy of ghrelin treatment
against the syndrome of cancer cachexia in the present study, we
used this mouse model of lung adenocarcinoma.

2. Materials and methods
2.1. Animals and administration of doxycycline

We generated bronchioalveolar epithelial cell-specific Pten-defi-
cient mice as previously described (Yanagi et al. 2007). Briefly,
Pter/™¥f* mice (12901a x C57BL6/] F6) generated as described in an
earlier study (Suzuki et al.. 2001) were mated to SP-C-1tTA mice (Pert
et al. 2007) that express the reverse tetracycline-controlled transac-
tivator (rtTA) gene (which can be activated by doxycycline) under the
control of the 3.7-kb human surfactant protein-C (SP-C) promoter
(Pert et al, 2002). The human SP-C promoter selectively directs
expression of the transgene to the developing and the mature
pulmonary epithelium of the primordial lung buds, and to bronchiolar
epithelial cells and type Il alveolar epithelial cells after birth (Wer:
ot al. 1993). Triple transgenic mice were generated by mating SP-C-
rtTA/Pten™%% mice with (tetO),-Cre mice (Sauer. 1998) that express
Cre recombinase under the control of rtTA. Unless otherwise noted,
offspring carrying SP-C-rtTA/(tetO)Cre/Prene (SOPten) and their
littermates carrying (tetO)~Cre/Pter® (OPten”f) were used in the
experiments as homozygous mutant and wild-type mice, respecti-
vely. To induce expression of the Cre transgene in bronchioalveolar

epithelial cells postnatally, 3-week-old mice (P21) were administered
doxycycline (Sigma-Aldrich Japan, Tokyo) in their drinking water
(1 mg/ml) for 1 week. After administration of doxycycline, SOPten”
mice, which were fed doxycycline from P21 to P27, were designated
as SOPten®* mice. Mice were housed in a temperature-controlled
room (23 + 1 °C) on a 12-h light (08:00-20:00 h)/12-h dark cycle and
fed a standard laboratory chow with ad libitum access to food. All
experimental procedures were performed in accordance with the
Japanese Physiological Society's guidelines for animal care and were
approved by the Ethics Committee on Animal Experimentation of the
University of Miyazaki.

2.2. Lung carcinogenesis

The 8-week-old SOPten** and OPter” mice were intraperitone-
ally administered 1 g/kg of urethane (Sigma-Aldrich Japan, Tokyo)
which was dissolved in 200 ul phosphate buffered saline (PBS). For
the survival study {SOPten™* mice, n=28; and OPter’”’ mice, n=25),
the measurements of body weights (SOPten®® mice, n=15; and
OPten” mice, n=24), and the histological assay (SOPten™* mice,
n=10; and OPten’”” mice, n=10), we used male 8-week-old SOPten¥*
and OPter” mice, and monitored them for 30 weeks.

2.3. Administration of ghrelin

At the age of 38 weeks, the urethane-injected SOPten®* mice
were intraperitoneally administered 10 nmol/mouse of human
ghrelin (Asubio Pharma Co., Kobe, Japan) dissolved in 200 ul PBS
or PBS alone at 07:00 and 19:00 over a 28-day interval. The 38-
week-old, urethane-injected OPten mice were given PBS intra-
peritoneally during the 28-day study interval. On 28 days after
administration of ghrelin or PBS, mice were anesthetized by
intraperitoneal injection of pentobarbital sodium and sacrificed.
We then designated the ghrelin-treated, urethane-injected SOP-
ten®® mice as the SOPten®?/ghrelin group, the PBS-treated,
urethane-injected SOPten*” mice as the SOPten*~/PBS group, and
the PBS-treated, urethane-injected OPter’”’ mice as the OPten”//PBS
group. Body weights and food intake were measured daily from
1 day before ghrelin or PBS administration to day 28. We used the
animals from the SOPten*/ghrelin group, SOPten®*/PBS group
and OPten|PBS group for the measurements of body weights and
food intake (n=12-13 per group). For the measurements of
skeletal muscle mass (gastrocnemius: n=12-23 per group; tibialis
anterior muscle: n=12-13 per group; and soleus muscle: n=12-
13 per group), the measurements of muscle contraction force (n=
6-8 per group), the measurements of intra-abdominal fat mass
(n=12-23 per group), the enzyme-linked immunosorbent assay
(ELISA) (n=8-15 per group), the quantitative real-time PCR (n=
5-7 per group), the immunohistochemical analyses (n=5 per
group), and the Western blotting (n=3 per group), we used three
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Fig. 1. Timeline of doxycycline, urethane, and ghrelin treatment in OPten”" and SOPten** mice. PBS, phosphate buffered saline; ELSIA, enzyme-linked immunosorbent assay.
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additional groups and examined the animals on day 28. The
experimental protocol of the study is outlined in Fig. 1.

24. Measurement of plasma ghrelin levels

The 10-week-old OPten”” mice were intraperitoneally adminis-
tered 1 or 10 nmol/mouse of human ghrelin (Asubio Pharma Co.,
Kobe, Japan) dissolved in 200 pl PBS or PBS alone. At 2,3, or 12 h
after the ghrelin or PBS injection, blood was taken from the mice
by heart puncture and collected in a tube which contained apr-
otinin and ethylenediaminetetraacetic acid (Wako, Osaka, Japan).
The contents were mixed well and immediately centrifuged at
4=C, After plasma collection, a 1/10 volume of 1 mol/L HCl was
added. The prepared plasma was stored at —80 'C until the
measurement of ghrelin. The plasma ghrelin assay is a two-site
immunoenzymometric assay requiring 100 pl of plasma sample,
which is performed automatically by an AIA-GO0Il immunoassay
analyzer (Tosoh Corp., Tokyo, Japan).

2.5. Measurement of plasma cytokine levels, C-reactive protein,
and IGF1

An ELISA was run using the plasma samples to measure the
concentrations of C-reactive protein (Life Diagnostics Inc., West
Chester, NY), interleukin-6 (IL-6), interleukin-1p (IL-18), tumor necrosis
factor-a (TNF-«o), and IGF1 by using the commercially available ELISA
kits specifically designed for each protein (R&D Systerns, Minneapolis,
MN) according to the manufacturer's instructions.

2.6. Histological analyses

The lungs and gastrocnemius muscles were fixed in 10% buffered
formalin solution and embedded in optimum cutting temperature
compound (Sakura Finetek Japan, Tokyo). Lung sections (4 um
thickness) and muscles (6 um thickness) were mounted on slides
for hematoxylin-eosin (HE) staining or immunostaining with an
antibody recognizing laminin (Sigma-Aldrich Japan, Tokyo). For each
muscle section, the whole muscle cross section was analyzed to
calculate the average fiber size (cross-section area) by using the
program Image | 1.46 (freeware developed by Dr. W. Rasband at the
Research Services Branch, National Institute of Mental Health, and
available at hrep/rshinfo.nib gov/il). The cross section areas of
muscle sections from 5 mice per group were quantified by using
the Image ] software. The mean of the cross section area was
calculated based on measurements of 229-370 myofibers per mouse.

2.7. Measurements of the contractile force of skeletal muscles

For measurements of the contractile force of skeletal muscles in
the SOPten*?[ghrelin group, SOPten**/PBS group and OPten’/|PBS
group, mice were anesthetized at day 28 of ghrelin or PBS treat-
ment. After exteriorization of the right soleus muscle or right
tibialis anterior muscle and the right sciatic nerve, the Achilles
tendon or tendon of the tibialis anterior was cut and connected to a
muscle force-measuring device, the MLTF500/ST Teaching force
transducer (ADInstruments Japan, Nagoya, Japan). For the measure-
ments of the twitching contractile force or tetanic contractile force,
the dominant nerve of muscles was electrically stimulated with
5 mA/1 Hz (duration: 10s; pulse width: 0.1 ms) or 5 mA/75 Hz
(duration: 5s; pulse width: 0.1 ms), respectively, by an FE180
Stimulus isolator (ADInstruments Japan). The maximal contractile
forces under fast-twitching stimulation or tetanic stimulation were
analyzed by a ML846 PowerLab 4/26 system (ADInstruments Japan).

2.8. Extraction of mRNA and quantitative real-time PCR

We measured the mRNA expressions of atrogin-1, MuRF-1, and
IGF1 in the gastrocnemius muscles of the SOPten®?/ghrelin group,
SOPten*4[PBS group and OPten”|PBS group at day 28 of ghrelin or
PBS treatment. The mRNA was extracted from the whole gastro-
cnemius muscle using a Ribopure™ Kit (Life Technologies Japan
Inc., Tokyo, Japan). First-strand cDNA was generated by reverse
transcription using a High Capacity RNA-to-cDNA Kit (Life Tech-
nologies Japan Inc.). Quantitative real-time PCR was performed
using Tagman Fast Universal PCR Master Mix (Life Technologies
Japan Inc.) and a Thermal Cycler Dice Real Time System 11 (Takara
Bio Inc., Tokyo, Japan). The levels of mRNA were determined by
using cataloged primers (Applied Biosystems, Foster City, CA) for
mice (Atroginl: MmO00499523_m1; MuRF1: Mm01185221_m1;
and IGF1: Mm00439560_m1). Expression of these genes was
normalized to the expression of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA (Gapdh Mm99999915_g1), and
the results were expressed as relative fold differences.

2.9. Western blotting

Western blot analysis on whole gastlocnemms muscle was
performed as described previously (Krisies et oal, 2
Tsubouchi er 21, 2014). Briefly, the gastrocnemius muscles were
homogenized using a Tissuelyser Il (Qiagen, Hilden, Germany). The
muscle homogenates were centrifuged at 15,000 rpm for 15 min
and the supernatants were stored at —70°C until used. Total
protein confents in supernatants were determined using a Brad-
ford assay. Equal amounts of proteins were fractionated by 10%
SDS-PAGE and transferred to Immobilon Transfer Membranes
(Merck, Tokyo, Japan). We measured the expression levels of
proteins in the lysates of gastrocnemius muscle by Western
blotting, using antibodies recognizing the following proteins:
-actin (Sigma-Aldrich Japan), phosphorylated-Akt (Ser473), Akt,
phosphorylated-FoxO1 (Ser256), FoxO1, phosphorylated-p38
mitogen-activated protein kinase (MAPK) (Thr180/Thy182), p38
MAPK, and phosphorylated-nuclear factor-kappa B (NF-xB) (Cell
Signaling Technology Japan Inc, Tokyo, Japan). To quantify the
protein expression, densitometry was performed on the lanes
using Gene Tools software (Syngene, Frederick, MD).

2.10. Statistical analysis

All results were expressed as the mean+ S.EM. Data were
analyzed by a Tukey-Kramer honestly significant difference test. A
Student's t-test analysis was used for the single-parameter compar-
isons between two groups. Statistical analyses were done with JMP
10 (SAS Institute Japan, Ltd., Tokyo, Japan) and values of P < 0.05
were considered statistically significant. Kaplan—-Meier survival
analysis was performed using Prism 5 (GraphPad Software, La Jolla,
CA) and statistical significance was determined by a log-rank test.

3. Results

3.1. Urethane-induced lung carcinocgenesis and loss of body weights
in lung epithelium-specific Pten-deficient mice

The overall survival rate of SOPten®* mice was significantly
lower than that of OPren”/ mice 30 weeks after urethane injection
(Fig. 2A). The body weights in SOPten** mice were significantly
lower than those of OPter/ mice at 30 weeks after injection
(Fig. 2B). As shown in Fig. 2C, all of the SOPten* mice developed
macroscopic lung tumors. Histological examination demonstrated
that 9 of the 10 SOPten®* mice developed lung adenocarcinomas



