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induced acute lung injury in a ghrelin-independent manner. Am J
Physiol Lung Cell Mol Physiol 306: LO00-L000, 2014. First pub-
lished November 27, 2013; doi:10.1152/ajplung.00096.2013.—Acute
lung injury (ALI) is a critical syndrome consisting of acute respiratory
failure associated with extensive pulmonary infiltrates. The patholog-
ical characterization of ALI includes injuries of alveolar epithelial
cells (AECs), alveolar neutrophilic infiltration, and increases in pro-
inflammatory cytokines, which cause destruction of the alveolar
capillary barrier and subsequent devastating lung fibrosis. Rikkunshito
(RKT), a traditional Japanese herbal medicine, is widely used for the
treatment of patients with gastrointestinal symptoms and is known to
stimulate ghrelin secretion. The therapeutic effects of RKT on organ
inflammation and fibrosis remain unknown. We investigated the
pharmacological potential of RKT in the treatment of ALI by using a
bleomycin-induced ALI model in mice. RKT or distilled water (DW)
was given to mice daily starting 12 h after bleomycin administration.
The RKT-treated mice showed a definitively higher survival rate than
the DW-treated mice after injury. They also had smaller reductions in
body weight and food intake. The amelioration of neutrophil alveolar
infiltration, pulmonary vascular permeability, induction of proinflam-
matory cytokines, activation of the NF-«kB pathway, apoptosis of
AECs, and subsequent lung fibrosis were notable in the RKT-treated
mice. RKT administration increased the plasma ghrelin levels in
wild-type mice, and it also mitigated the ALI response in both
ghrelin-deficient mice and growth hormone secretagogue receptor-
deficient mice after lung injury. Our results indicate that RKT admin-
istration exerts protective effects against ALI by protecting the AECs
and regulating lung inflammation independently of the ghrelin system,
and they highlight RKT as a promising therapeutic agent for the
management of this intractable disease.

rikkunshito; acute lung injury; ghrelin

ACUTE LUNG INJURY (ALI) and its severe clinical manifestation,
acute respiratory distress syndrome (ARDS), constitute a dev-
astating, life-threatening syndrome with a 60-day mortality rate
of 26% (9). ALI/ARDS is physiologically characterized by
extensive pulmonary infiltrates associated with severe arterial
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hypoxia and impaired carbon dioxide excretion (51). The
pathological characterization of ALI includes dysregulated
inflammation consisting of increased proinflammatory cyto-
kine levels, inappropriate leukocyte recruitment, and the un-
controlled activation of coagulation pathways (30, 31). The net
result is injuries to the alveolar capillary barrier that lead to
alveolar space flooding and subsequent devastating lung fibro-
sis (30—32). The alveolar epithelial cell (AEC) barrier shows a
greater resistance to protein and fluid flux than the capillary
endothelium (54), and the AECs are responsible for the active
removal of fluid from the alveolar spaces (30). Indeed, damage
to the endothelium alone is insufficient to cause pulmonary
edema, whereas injury to the AECs results in severe lung
injury (31). Protection of the integrity of AECs may therefore
have a pronounced favorable effect on the control of ALI
progression. Despite recent advances in understanding of the
pathological mechanisms of ALI, the treatment strategies re-
main supportive in nature, and specific strategies to exert a
protective effect on AECs have not been fully developed.
Rikkunshito (RKT), a traditional Japanese herbal medicine,
is widely prescribed to patients with various gastrointestinal
symptoms, such as abdominal fullness, nausea, and postpran-
dial early satiety (22). Previous studies showed that RKT
ameliorated cisplatin-induced anorexia (43), suppressed 12-O-
tetradecanoylphorbol-13-acetate-induced tumor promotion in
mouse skin (60), and inhibited the apoptosis of small intestinal
mucosal cells (44). However, the impact of RKT on the
integrity of AECs and its therapeutic effects on organ inflam-
mation and fibrosis, including in the lung, remain unknown.
Ghrelin is a 28-amino-acid peptide initially isolated from the
human and rat stomach as an endogenous ligand for the growth
hormone secretagogue receptor (19). In addition to its secre-
tagogue action on growth hormone, ghrelin is known to have a
broad array of actions including the promotion of food intake
and anabolism (37), the suppression of inflammation (57), and
the inhibition of apoptotic cell death (2, 26). We recently
reported that ghrelin administration reduced lung inflamma-
tion, protected AECs, and ameliorated lung fibrosis in a bleo-
mycin (BLM)-induced ALI model in mice (15). Another study
indicated that RKT increased plasma ghrelin levels in healthy
human volunteers and in normal mice (29). These findings
prompted us to hypothesize that RKT would have a beneficial
effect on ALI In the present study, we investigated the efficacy
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of RKT administration on the amelioration of ALI using a
BLM-induced ALI model in mice. We also tested whether
RKT administration mitigates lung inflammation and subse-
quent lung fibrosis independently of the ghrelin system.

MATERIALS AND METHODS

Animals. Ten-week-old male C57BL/6N mice (wild-type mice)
were purchased from Charles River Japan (Yokohama, Japan). Ten-
week-old male ghrelin-deficient (ghrl~”~) C57BL/6N mice (39) were
generously provided by Dr. M. Kojima (Kurume University), and
growth hormone secretagogue receptor-deficient (ghsr—"—) C57BL/
6N mice (41) were generously provided by Dr. Roy G. Smith (Baylor
College of Medicine). Mice of both the wild-type (WT) and mutant
strains weighed 22-29 g and were housed in a temperature-controlled
room (23 = 1°C) on a 12-h light (08:00-20:00):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 University of Miyazaki Ethics Committee on Animal
Experimentation.

Chemicals. BLM was obtained from Sigma-Aldrich Japan (Tokyo,
Japan) and dissolved in sterile PBS. RKT (Tsumura, Tokyo, Japan)
was made from a hot-water extract of a mixture of eight varieties of
crude drugs [Atractyloids lanceae rhizome (4.0 g), Ginseng radix (4.0
g), Pinelliae tuber (4.0 g), Hoelen (4.0 g), Zizyphi fructus (2.0 g),
Aurantii nobilis pericarpium (2.0 g), Glycyrrhizae radix (1.0 g), and
Zingiberis rhizome (0.5 g)] and then spray dried. These medicinal
plant materials were supplied through collection following cultivation
in accordance with the World Health Organization guidelines on
Good Agricultural and Collection Practices for medical plants (56).
The quality of the resulting product satisfied the standards required by
the Japanese Pharmacopoeia standards for herbal medicine. RKT,
hesperidin, and glycyrrhizin (all obtained from Tsumura) were sus-
pended in distilled water (DW) at the concentrations described below.
Human ghrelin (Peptide Institute, Osaka, Japan) was dissolved in 200
wl of sterile PBS.

Administration of BLM and RKT. Mice were anesthetized by an
intraperitoneal injection of pentobarbital sodium and were intratra-
cheally administered 3 or 6 U/kg of BLM dissolved in 50 .l sterile
PBS or 50 wpl PBS. RKT (1,000 mg/kg), hesperidin, glycyrrhizin, or
DW alone was administered orally by gavage, or ghrelin (10 nmol/
mouse) was administered intraperitoneally starting 12 h after the
BLM insult during the 3-day, 7-day, or 14-day study interval. We
designated the BLM-injected, RKT-treated mice as the BLM/
RKT group; the BLM-injected, ghrelin-treated mice as the BLM/
ghrelin group; the BLM-injected, hesperidin-treated mice as the
BLM/HES group; the BLM-injected, glycyrrhizin-treated mice as the
BLM/GZ group; the BLM-injected, DW-treated mice as the BLM/
DW group; the PBS-injected, RKT-treated mice as the PBS/RKT
group; and the PBS-injected, DW-treated mice as the PBS/DW group,
unless otherwise noted.

For the histological assay, we studied the PBS/DW group of WT
mice (n = 5), ghrl™’~ mice (n = 5), and ghsr~’~ mice (n = 5), and
we examined the animals on day 0. For the survival study, we used the
BLM/RKT group (n = 35) and BLM/DW group (n = 35) using WT
mice, the BLM/RKT group (n = 21) and BLM/DW group (n = 2-12)
using ghrl~/~ mice, and the BLM/RKT group (n = 23) and BLM/DW
group (n = 23) using ghsr~’~ mice. We monitored all groups for 14
days and recorded their survival. For the immunohistochemical anal-
yses and terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL) assay, we used the BLM/RKT group and
BLM/DW group (n = 5 per group of WT mice) and examined the
animals on days 0, 3, and 7. We used the groups of BLM/RKT,
BLM/DW, PBS/RKT, and PBS/DW for the histological assay (n = 5
per group of WT mice), bronchoalveolar lavage (BAL) (n = 6-11 per
group of WT mice, n = 3-10 per group of ghrl~/~ mice, and n =
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3-11 per group of ghsr~/~ mice), the lung wet-to-dry weight ratio

(n = 3-12 per group of WT mice), an ELISA (n = 3-12 per group of
WT mice), quantitative reverse transcription PCR (qQRT-PCR) (n =
3—6 per group of WT mice), and immunoblotting (n = 3—4 per group
of WT mice) and examined them on day 7. Body weights were
measured daily from 1 day before BLM or PBS administration to day
14. The 14-day food intake amounts were also measured. For the
measurements of body weights and food intake (n = 7-21 per group
of WT mice, n = 7-16 per group of ghrl~/~ mice, n = 5-18 per group
of ghsr~/~ mice), the modified Sircol collagen assay (n = 5-11 per
group of WT mice, n = 4-11 per group of ghrl~’~ mice, and n =
5-12 per group of ghsr—’~ mice), histological assay (n = 5 per group
of WT mice), and qRT-PCR (n = 3-11 per group of WT mice), we
used four additional groups and examined the animals on day /4. For
the modified Sircol collagen assay using the samples of post treatment
of RKT, we used the BLM/RKT group (n = 8) and BLM/DW group
(n = 8) using WT mice which were administered RKT or DW 7 days
after a BLM (3 U/kg) injection, and we examined the animals on day
21. For the measurements of plasma ghrelin levels under the pair-fed
condition, we used a BLM/DW group (n = 4), a BLM/RKT group
(n = 6), and a BLM/ghrelin group (n = 4), all of which were
administered 6 U/kg of BLM or PBS, and we examined them on day
14. For the qRT-PCR, we used BLM/DW group (n = 6) and
BLM/RKT group (n = 6), both of which were administered 6 U/kg of
BLM, and examined them on day /4. To evaluate the dose-dependent
effect of RKT on the body weight change of BLM-injected mice, we
used two different types of BLM/RKT groups that were administered
500 mg (n = 17) or 1,000 mg (n = 15) of RKT: a BLM/DW group
(n = 17) and a PBS/DW group (n = 17). All groups were previously
administered 6 U/kg of BLM. Body weights were measured daily
from 1 day before BLM or PBS administration to day 7. To evaluate
the dose-dependent effects of hesperidin and glycyrrhizin on the lung
permeability in mice injected with 6 U/kg of BLM, we used three
different BLM/HES and BLM/GZ dose groups in WT mice that were
administered 10 (n = 7), 50 (n = 7), or 250 (n = 7) mg/kg of
hesperidin and 25 (n = 7), 50 (n = 7), or 100 (n = 8) mg/kg of
glycyrrhizin, and two BLM/DW groups of WT mice (z = 7 and 8).
The timeline of the experimental schedule is given in Fig. 1.

BAL. Mice were anesthetized 7 days after BLM injection, and the
trachea was cannulated with a 20-gauge catheter. BAL with 1.0 ml of
sterile PBS using a trachea tube was repeated five times. The collected
bronchoalveolar lavage fluid (BALF) was centrifuged at 1,000 rpm for
5 min, and the supernatant was stored at —70°C until used. The cell
pellet was used to determine the number of cells. Total BAL cells
were enumerated by counting on a hemocytometer in the presence of
Tiirk’s solution (Merck, Tokyo, Japan). Cytospins were prepared from
resuspended BAL cells. Cytospins of BAL cells were made by
centrifuging 100,000 cells onto microscope slides with a Cytospin 4
(Thermo Fisher Scientific, Yokohama, Japan). Slides were allowed to
air dry and were then stained with a Diff-Quik stain kit (Sysmex,
Kobe, Japan). Cell differentials were determined by counting 300
cells under X400 magnification. The amount of total protein in the
BALF supernatant was measured by the Bradford assay (1).

Wet-to-dry ratio of lung. The lungs were removed and weighed
(wet lung weight) at 7 days after PBS or BLM injection. After 72 h of
drying in an oven at 70°C, the lungs were weighed again (dry lung
weight), and the ratio between the wet and dry lung weights was
determined for each lung.

Measurement of the cytokine and chemokine levels in BALF. An
ELISA was run using the BALF samples to measure the concentra-
tions of IL-13, TNF-a, chemokine (C-X-C motif) ligand 2/macro-
phage inhibitory protein-2 (CXCL2/MIP2), and transforming growth
factor-B; (TGF-$,) by using the commercially available ELISA kits
specifically designed for each protein (R&D Systems, Minneapolis,
MN) according to the manufacturer’s instructions.

Measurement of lung collagen levels. The lung collagen levels
were assessed by a modified Sircol collagen protocol with sample
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Fig. 1. Experimental schedule. DW, distilled
l JL water; BLM, bleomycin; RKT, rikkunshito;
- HES, hesperidin; GZ, glycyrrhizin; qRT-PCR,
RKT 1000 mg/kg or DW daily p.o. quantitative reverse transcription PCR; TUNEL,
f terminal deoxynucleotidyl transferase-medi-
Day 0 Day 7 Day 21 ated dUTP nick-end labeling; BAL, bron-
choalveolar lavage; i.t., intratracheal adminis-
tration; p.o., oral administration.
(Treatment of HES)
Day 0 Day 7
BLM 6 U/kg or PBS i.t. BAL

| |

HES 10, 50, 250 mg/kg or DW daily p.o.

Day 0 Day 7
(Treatment of GZ)

Day 0 Day 7

BLM 6 U/kg or PBS i.t. BAL

| |

[GZ 25, 50, 100 mg/kg or DW daily p.o. |

I 1
Day 0 Day 7

purification for the removal of interfering noncollagenous proteins as
described (23). Briefly, mice were anesthetized 14 days after BLM or
PBS injection, and lungs were removed, washed with cold PBS,
frozen in liquid nitrogen, and stored at —70°C until used. The lung
samples were homogenized in 1 ml of 0.5 M acetic acid solution by
a TissueLyser II (Qiagen, Hilden, Germany). The homogenate sam-
ples were mixed 4 ml of 0.5 M acetic acid solution and pepsin (0.1
mg/ml), incubated overnight at 4°C, and centrifuged at 13,000 g for 10
min. For sample purification after pepsin digestion, an Amicon Ultra-
0.5 Centrifugal Filter Unit with an Ultracel-100 kDa membrane
(Merck, Tokyo, Japan) was used. Following pepsin treatment, the
supernatants of the samples were loaded onto the columns and
centrifuged at 13,000 g for 10 min. The retentate was then washed
three times in dilute acetic acid (0.5 M) and recovered by the inversion
of the filter insert and centrifugation. The filtrates were used for the

measurement of soluble collagen. 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
manufacturer’s instructions.

Histological and immunohistochemical analyses and TUNEL
assay. The lungs were fixed in 10% buffered formalin solution or
Amsterdam’s fixative (methanol-acetone-acetic acid-water, 35:35:
5:25 vol/vol) and embedded in OCT compound (Sakura Finetek
Japan, Tokyo, Japan). Lung sections (4 wm thickness) were mounted
on slides for hematoxylin-eosin (HE) and Masson’s trichrome staining
(Diagnostic BioSystems, Pleasanton, CA) and for immunostaining
with an antibody recognizing surfactant protein-C (SP-C; Santa Cruz
Biotechnology, Santa Cruz, CA). To evaluate the apoptosis of AECs,
we performed a TUNEL assay of SP-C-immunostained lung tissue
sections using an in situ cell death detection kit, TMR Red (Roche
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Diagnostics, Basel, Switzerland). The sections were counterstained
with 4'-6-diamidino-2-phenylindole (DAPI; Wako, Saitama, Japan).
Ten high-power fields per slide were randomly selected, and the
numbers of TUNEL-positive cells, SP-C-positive cells, and DAPI-
positive cells were counted. For the quantification of colocalized cells
from double-immunostained slides in the TUNEL assay, one investi-
gator took photos of 10 random fields in a blinded fashion (i.e.,
without knowledge of which experimental or control groups the
samples were taken from), and the cells in each field were counted
independently by two other investigators in a blinded fashion. The
percentages of TUNEL-positive cells and TUNEL and SP-C double-
positive cells were obtained by dividing the number of TUNEL-
positive cells by the number of DAPI-positive cells and by dividing
TUNEL and SP-C double-positive cells by SP-C positive cells,
respectively.

Measurement of plasma ghrelin levels and ghrelin mRNA levels in
stomachs and lungs in BLM-injected mice. At 14 days after the BLM
or PBS injection, blood was taken from the mice by heart puncture
and collected in a tube that contained aprotinin and ethylenedi-
aminetetraacetic acid (Wako, Osaka, Japan). It was stirred well and
immediately centrifuged at 4°C. After plasma collection, a 1/10
volume of 1 mol/l HCI 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-600II immuno-
assay analyzer (Tosoh, Tokyo, Japan). The stomachs and lungs were
isolated 14 days after the BLM injection, preserved in RNA-later
(Ambion, Austin, TX), and stored at —20°C until the analysis.

Extraction of mRNA and gRT-PCR. The extractions of mRNA from
the whole lung tissues and the stomachs were performed with a RiboPure
Kit (Life Technologies Japan, Tokyo, Japan). First-strand cDNA was
generated by reverse transcription by use of a High Capacity RNA-to-
c¢DNA Kit (Life Technologies Japan). We conducted a qRT-PCR using
Tagman Fast Universal PCR Master Mix (Life Technologies Japan) and
a Thermal Cycler Dice Real Time System II (Takara Bio, Tokyo, Japan).
The levels of mRNA were determined by using cataloged primers
(Applied Biosystems, Foster City, CA) for mice (IL-13, Mm00434228 _
ml; IL-6, Mm00446190_m1; CXCL2, Mm00436450_ml; TGF-B;,
MmO01178820_m1; Collagenlal, Mm00801666_g1; Collagen3al,
Mm01254476_m1; and ghrelin, Mm00445450_m1). The expression of
these genes was normalized to the expression of hypoxanthine guanine
phosphoribosyl transferase (HPRT) mRNA (HPRT: MmO01545399
ml) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA
(GAPDH: Mm99999915_g1), and the results are expressed as relative
fold differences.

Western blotting. We extracted cytoplasmic and nuclear proteins
from whole lung tissues by NE-PER Nuclear and Cytoplasmic Ex-
traction Reagents (Thermo Fischer Scientific, Yokohama, Japan). The
cytoplasmic extracts and nuclear extracts were transferred to a new
prechilled tube and stored at —70°C until used. The protein contents
of the cytoplasmic extracts and the nuclear extracts were determined
by a Bradford assay. Equal amounts of cytoplasmic and nuclear
proteins were fractionated by 10% SDS-PAGE and transferred to
Immobilon Transfer Membranes (Merck, Tokyo, Japan). We analyzed
the extracts by Western blotting using antibodies recognizing the
following proteins: IkBa, NF-kB p65, phosphorylated NF-kB p65,
lamin A/C (Cell Signaling Technology Japan, Tokyo, Japan) and
B-actin (Sigma-Aldrich Japan). To quantify protein expression, we
used densitometry and Gene Tools software (Syngene, Frederick,
MD) on the lanes.

Statistical analysis. All results are expressed as means * SE. Data
were analyzed by a one-way analysis of variance (ANOVA) followed
by Dunnett’s multiple comparison test. A ¢-test was used for compar-
isons between groups. Statistical analyses were done with JMP 10
(SAS Institute Japan, Tokyo, Japan). Kaplan-Meier survival analysis
was performed with Prism 5 (GraphPad Software, La Jolla, CA), and
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statistical significance was determined by log-rank test. P values <
0.05 were considered significant.

RESULTS

RKT administration attenuated the mortality, weight loss,
and suppression of food intake in the BLM-injected mice. We
first assessed the safety of the RKT administration. All of mice
of both the PBS/DW and PBS/RKT groups (n = 12 per group)
survived during the 14-day interval (data not shown). To
explore the effect of RKT administration, we performed a
survival study on a mouse model of ALI induced by the
instillation of BLM. The survival rate of the BLM/DW group
was 54% (19/35) on day 14 (Fig. 2A). In contrast, RKT
administration maintained a survival rate of 80% (28/35) on
day 14. Kaplan-Meier analysis showed that the overall survival
rate of the BLM/RKT mice was significantly higher than that
of the BLM/DW group (log-rank, P = 0.018, Fig. 24). We also
analyzed the effects of RKT on body weight changes and food
intake in the four groups with different experimental condi-
tions. Intratracheal administration of BLM significantly de-
creased the body weights and food intake compared with the
PBS groups (Fig. 2, B and C). The quantity of food intake and
change in body weight during the 14-day experiment were not
significantly different among the PBS-treated groups. In the
BLM-treated groups, RKT administration significantly attenu-
ated the weight loss and reduction of food intake (Fig. 2, B and
(). RKT administration mitigated the loss of body weights of
BLMe-injected mice in a dose-dependent manner (Fig. 2D).

RKT administration reduced neutrophil alveolar infiltration,
vascular permeability, levels of proinflammatory cytokines,
and activation of the NF-kB signaling pathway in BLM-
injected mice. At day 7, the lungs of the BLM/DW mice
exhibited extensive infiltrations of inflammatory cells in the
alveolar spaces compared with the PBS/DW lungs (Fig. 3A,
left). RKT administration did not affect the histological find-
ings of the lungs in the PBS groups (Fig. 3A, rop). RKT
administration to the BLM group reduced the intra-alveolar
accumulation of inflammatory cells (Fig. 3A, bottom). BLM
treatment significantly increased the numbers of total cells and
neutrophils in the BALF of the DW groups (Fig. 3B). RKT
administration significantly diminished these parameters in the
BLM groups. The total protein concentrations in the BALF and
the lung wet-to-dry weight ratios of the BLM group were
higher than those in the PBS groups (Fig. 3, C and D). RKT
administration significantly reduced these values after lung injury.
In the BLM group, the concentrations of IL-13, TNF-o, CXCL2/
MIP2, and TGF-f3, in the BALF were significantly higher than
those in the PBS groups (Fig. 3E). RKT treatment reduced the
levels of cytokines and chemokines in the BLM group. The levels
of mRNA of IL-1B, IL-6, CXCL2/MIP2, and TGF-3; in the
lysates of whole lung extracts were increased in the BLM groups
compared with the PBS groups (Fig. 3F). These values in the
BLM/RKT group were significantly lower than those of the
BLM/DW group.

We next examined the effect of RKT administration on
NF-kB activation in the lung tissue. The levels of nuclear and
cytoplasmic NF-kB p65 protein and cytoplasmic phosphory-
lated NF-«kB p65 protein of the BLM groups were higher than
those of the PBS groups (Fig. 3G). RKT administration de-
creased all of these values after lung injury. The lung lysates
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isolated from BLM/DW mice showed decreased expression
levels of cytoplasmic IkBa compared with those of the
PBS/DW mice. RKT treatment restored the expression of
cytoplasmic IkBa in the lung tissue after the BLM insult.

RKT administration reduced the BLM-induced lung fibrosis.
We next evaluated the effects of RKT administration on lung
fibrosis. At day 14, the lung sections from the BLM/DW mice
showed extensive lung fibrosis associated with destruction of
the normal lung architecture (Fig. 4A). In contrast, the lungs of
the BLM/RKT mice demonstrated an amelioration of lung
fibrosis and comparatively preserved lung architecture. Mas-
son’s trichrome staining showed dense collagen deposition in
the BLM/DW mice, whereas the fibrotic changes were reduced in
the BLM/RKT mice (Fig. 4A). The Sircol assay revealed a
significant reduction of collagen contents in the BLM/RKT lungs
compared with the BLM/DW lungs (Fig. 4B). The mRNA ex-
pressions of collagen type I al and type III al in the BLM/RKT
group were significantly lower than those of the BLM/DW group
(Fig. 4, C and D). RKT treatment 7 days after BLM administra-
tion also decreased the deposition of collagen contents in the lung
tissue (Fig. 4E).

RKT administration suppressed the apoptosis of AECs in the
BLM-injected mice. We used TUNEL staining to detect the
apoptotic cells in the lung tissue. At day 3 and day 7, TUNEL-
positive cells in the alveolar wall (predominantly comprised of
apoptotic-type I AECs, type II AECs, endothelial cells, and
fibroblasts) and TUNEL-SP-C double-positive cells (apoptotic-
type II AECs) were frequently detected in the lung sections of

BLM/DW mice, whereas these cells were significantly de-
creased in the BLM/RKT mice (Fig. 5, A and B).

RKT administration attenuated the BLM-induced ALI inde-
pendently of the ghrelin system. The administration of RKT
significantly elevated the plasma concentrations of both
ghrelin and des-acyl ghrelin and the ghrelin mRNA expres-
sion in the stomachs in the bleomycin groups (Fig. 6, A-C).
The ghrelin mRNA levels in the lung tissues were compa-
rable between the RKT-treated mice and the DW-treated
mice after lung injury (Fig. 6D), probably because of the
substantially lower expression amounts of ghrelin in the
lung tissue compared with the counterparts of the stomach
(13). The intreparitoneal administration of ghrelin over-
whelmingly increased the plasma levels of ghrelin and
des-acyl ghrelin in BLM-injected mice compared with the
BLM/DW mice (Fig. 6, A and B).

To determine whether the ameliorative effects of RKT
administration on BLM-induced /) ALI responses and 2)
decreases in food intake and body weight loss were due to
direct effects of RKT or indirect mechanisms via its contribu-
tion to the induction of ghrelin secretion and/or the agonistic
effect on growth hormone secretagogue receptor, we examined
the effects of RKT administration by using the ghrl™~ and
ghsr™’~ mice. The histological appearances of the lung tissues
in the C57BL/6, ghrl™~, and ghsr/~ mice were similar
before BLM administration (Fig. 7). The survival rate of the
BLM/DW group was 50% (11/22) in the ghrl~’~ mice and
52% (12/23) in the ghsr™/~ mice at 14 days after BLM
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Fig. 3. Effects of RKT administration on neutrophil alveolar infiltration, vascular permeability, levels of proinflammatory cytokines, and NF-kB activation in
BLM-injected mice. A: representative hematoxylin-eosin (HE) staining of lung sections of DW-administered (leff) and RKT-administered (right) mice after
treatment with PBS (fop) or 6 U/kg of BLM (bottom). Data shown are representative lung sections from 5 mice per group. Scale bars: 100 wm. Cell counts (B)
and total protein concentrations (C) in the bronchoalveolar lavage fluid (BALF) and lung wet-to-dry weight ratio (D) of DW- or RKT-administered mice 7 days
after the instillation of PBS or 6 U/kg of BLM. Data are means = SE of 6-11 (B), 5-7 (C), and 3—12 (D) mice per group. *P < 0.05; **P < 0.01; ***P <
0.001. E: concentrations of IL-13, TNF-a, chemokine (C-X-C motif) ligand 2 (CXCL2), and transforming growth factor-@, (TGF-B:) in the BALF. Data are
means *= SE of 3—-12 mice per group. *P < 0.05; **P < 0.01; ***P < 0.001. F: mRNA levels of IL-1B, IL-6, CXCL2, and TGF-B; in the whole lung lysates
of DW- or RKT-administered mice 7 days after the instillation of PBS or 6 U/kg of BLM. Results are expressed relative to the housekeeping gene hypoxanthine
phosphoribsyltransferase 1 (HPRT1). Data are means * SE of 3—6 mice per group. *P < 0.05; **P < 0.01. G: immunoblots of NF-kB p65 protein in the nucleus
and phosphorylated NF-kB p65 protein, NF-kB p65 protein, and IkBa protein in the cytoplasm in the lysates of whole lung tissue from DW- or
RKT-administered mice 7 days after administration of PBS or 6 U/kg of BLM. The quantitative comparisons were performed with lamin A/C and 3-actin as
loading controls. Data are means = SE of 3—4 mice per group. *P < 0.05; **P < 0.01; ***P < 0.001.

instillation (Figs. 84 and 9A). The RKT administration resulted
in the survival rates of 81% (17/21) in the ghrl™/~ mice and
78% (18/23) in the ghsr™’~ mice after lung injury. Kaplan-
Meier analysis showed that the survival rates of the BLM/RKT
groups of ghrl™"~ mice and ghsr™/~ mice were significantly
higher than those of corresponding BLM/DW groups (log-
rank, P = 0.033 in ghrl”/~ mice, Fig. 84, and P = 0.045 in
ghsr™~ mice, Fig. 94). The administration of RKT did not
decrease the degree of loss of body weight and food intake
reduction in both the ghrl ™~ mice and ghsr~/~ mice after lung
injury (Figs. 8B and 9B). In contrast to the effects on food
intake and body weight changes, the RKT administration
significantly inhibited the neutrophil alveolar infiltration, the
protein levels in the BALF, and the collagen contents in the
lung tissues in both ghrl~/~ mice and ghsr~/~ mice after BLM
injection (Fig. 8, C-E, and Fig. 9, C-E).

Effects of hesperidin and glycyrrhizin administration on the
BLM-induced ALI. We examined the effects of hesperidin and
glycyrrhizin, both of which are components of RKT derived
from Aurantii nobilis pericarpium and Glycyrrhizae radix,
respectively (18, 42), on the BLM-induced ALI. Both hesper-
idin and glycyrrhizin administrations decreased the protein
levels in the BALF after lung injury (Fig. 10, A and B).

DISCUSSION

In this study, we provide what is to our knowledge the first
evidence of anti-inflammatory effects of RKT in an inflamma-
tory disease model. Administration of RKT improved the
BLM-induced weight loss, inhibited the induction of proin-
flammatory cytokines and chemokines, suppressed the recruit-
ment of neutrophils into the alveolar spaces, protected AECs
from lung injury, ameliorated lung fibrosis, and consequently
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Fig. 4. Effects of RKT administration on pulmonary fibrosis in BLM-injected mice. A: representative HE staining (fop) and Masson’s trichrome (MT, bottom) staining
of lung sections of PBS/DW, PBS/RKT, BLM/DW, and BLM/RKT mice at 14 days after the instillation of PBS or 6 U/kg of BLM. Data are representative lung sections
from 5 mice per group. Scale bars: 100 wm. B: collagen contents in the lungs of PBS/DW, PBS/RKT, BLM/DW, and BLM/RKT mice at 14 days after the instillation
of PBS or 6 U/kg of BLM. Data are means = SE of 5-11 mice per group. *P < 0.05; **P < 0.01. The mRNA levels of collagen type I alpha 1 (COL1A1) (C) and
collagen type III alpha 1 (COL3A1) (D) in the whole lung lysates at 14 days after the administration of PBS or 6 U/kg of BLM. Results are expressed relative to the
housekeeping gene HPRT1. Data are means = SE of 3—11 mice per group. *P < 0.05; **P < 0.01. E: effect of posttreatment of RKT in BLM-induced fibrosis. RKT
or DW was given to BLM-injected mice daily during the 14-day study interval starting 7 days after 3 U/kg of BLM administration. Collagen contents in the lungs of
BLM/DW and BLM/RKT mice at 21 days after BLM injection. Data are means = SE of 8 mice per group. *P < 0.05.

improved the survival rates after lung injury. We also demon-
strated that RKT repressed the degradation of cytoplasmic IkB
protein, the expressions of both phosphorylated NF-kB p65
and NF-kB p65 protein in the cytoplasm, and the nuclear

translocation of NF-kB. Although there are some clinical trials
of RKT as a treatment for patients with dysfunction of the
digestive tract (45, 46), there are no reports of clinical trials of
RKT or its derivatives in ALI/ARDS patients. On the other
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TUNEL

BLM/DW

Fig. 5. Effect of RKT administration on cell apo-
ptosis of alveolar epithelial cells in BLM-injected
mice. A: representative profiles of immunostaining
of surfactant protein-C (SP-C, green) and TUNEL
staining (red) of lung sections of BLM/DW and
BLM/RKT mice on day 7 after the instillation of
6 U/kg of BLM. 4',6-diamidino-2-phenylindole
(DAPI) was used in the counterstaining of the nu-
cleus (blue). Numbers of both TUNEL-positive
cells (arrowheads) and TUNEL and SP-C double-
positive cells (arrows) were lower in the BLM/RKT
lungs than the BLM/DW lungs. Scale bars: 25 wm.
B: quantification of TUNEL-positive cells and
TUNEL and SP-C double-positive cells in BLM/
DW and BLM/RKT lungs at days 0, 3, and 7. Ten B
high-power fields per slide were randomly selected,

and the numbers of TUNEL-positive cells, SP-C-

positive cells, and DAPI-positive cells were

counted. Percentages of TUNEL-positive cells and 6
TUNEL and SP-C double-positive cells were ob-

tained by dividing the number of TUNEL-positive

cells by the number of DAPI-positive cells and by 5 5
dividing TUNEL and SP-C double-positive cells by
SP-C positive cells. Data are means = SE of 5 mice
per group. *P < 0.05.
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hand, hesperidin and glycyrrhizin, both of which are compo-
nents of RKT, were studied in several clinical trials including
those for rheumatoid arthritis (21), autoimmune hepatitis (59),
and chronic hepatitis C (28). Our present results demonstrated
the protective effects of RKT against BLM-induced ALI in
mice. In regard to safety and tolerability, RKT, hesperidin, and
glycyrrhizin administrations each had no severe side effects
(21, 28, 45, 46, 59). We thus believe that RKT could provide
a hopeful therapeutic strategy for ALI/ARDS.

Intratracheal administration of BLM induces lung injury via
its ability to cause oxidant injury, DNA strand breakage, and
the apoptosis of AECs, which leads to the induction of cyto-
kines, chemokines and growth factors, the recruitment of
inflammatory cells into lung parenchyma, and subsequent lung
fibrosis (34). Our present findings showed that in BLM-in-
jected mice, RKT administration significantly inhibited the

0 Lo

day 3 day 7 day 0 day 3 day 7

expressions of IL-13, TNF-a, IL-6, CXCL2/MIP-2, and TGF-
B1, and reduced the alveolar infiltration of neutrophils. As does
TNF-a, IL-1B functions as a proinflammatory cytokine in
response to tissue injury through the rapid induction of canon-
ical IL-1f target gene expressions including those of IL-6,
CXCL2/MIP-2, and IL-1B in multiple different cell types such
as monocytes, epithelial cells, and endothelial cells (52). In
response to ligand binding of the receptor, a complex sequence
of combinatorial phosphorylation and ubiquitination events
results in the activation of NF-«kB, a transcriptional factor that
plays a crucial role in inflammatory signaling (12, 49, 52).
Inducible NF-kB activation depends on the phosphorylation-
induced proteosomal degradation of the inhibitor of NF-«kB
proteins (IkBs, such as IkBa), which retain inactive NF-kB
dimers in the cytosol in unstimulated cells (11, 12). Previous
studies have reported that the intratracheal administration of
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Fig. 6. Effect of RKT administration on induction of ghrelin in BLM-injected
mice. Plasma levels of ghrelin (A) and des-acyl ghrelin (B) of BLM/DW mice
(n = 4), BLM/RKT mice (n = 6), and BLM/ghrelin mice (n = 4) are shown.
Data are means * SE. *P < 0.05; **P < 0.01. Levels of expression of ghrelin
mRNA in stomach (C) and lung (D) on day 14. Data are means = SE of 6 mice
per group. *P < 0.05.

BLM induced the phosphorylation and degradation of IkBa
and the translocation of the active dimer of NF-kB into the
nucleus in the whole lungs of mice (10, 27). In the present
study, we demonstrated the inhibitory effect of RKT adminis-
tration on NF-«B signaling through both the suppression of the
expression levels of phosphorylated NF-kB p65 and NF-«B
p65 protein in the cytoplasm and the retention of the cytosolic
IkBa protein levels in BLM-treated lungs. The blockage of the
nuclear translocation of NF-kB, as well as the suppression of
IL-1B expression, might reduce the induction of inflammatory
cytokines and neutrophil alveolar infiltration in BLM-treated,
RKT-administered mice.

The numbers of apoptotic AECs have been positively cor-
related with the levels of alveolar capillary barrier dysfunction,
enhanced lung permeability, and subsequent lung scarring (3,
30). We showed here that the administration of RKT reduced
the apoptosis of AECs in BLM-treated mice. The protective
effect of RKT on AECs may prevent subsequent lung fibrosis
by minimizing the denudation of the alveolar membrane, as
well as by mitigating alveolar flooding. The reduction of
neutrophil-mediated injury through a decrease in neutrophil
alveolar accumulation may contribute to the protection of
AECs in RKT-treated mice. In addition, RKT prevents cell

L9

apoptosis in several types of epithelium. Previous studies
demonstrated that RKT administration protected gastric pari-
etal cells from drug-induced cytotoxicity (62). RKT adminis-
tration also inhibited apoptosis of the small intestinal epithelial
cells via the induction of the 60-kDa heat shock protein 60
(44). Another report showed an improvement in the epithelial
barrier function of the esophageal mucosa after RKT treatment
due to facilitation of the intracellular translocation of tight
junction proteins (33). The direct protective mechanism of
RKT against the injury of AECs merits further study.

The present study is the first report demonstrating the anti-
fibrotic effect of RKT in injured lungs. In addition to RKT
treatment starting 12 h after a BLM insult, the RKT treatment
starting 7 days after BLM administration also ameliorated lung
fibrosis. With regard to the mechanisms underlying the miti-
gation of lung fibrosis in RKT-treated mice, we observed a
significant reduction of TGF- and IL-13 in the BALF and
lung tissues of the BLM/RKT mice. Previous studies showed
that an overexpression of TGF-B (24, 55) or IL-1B (20)
induced pulmonary fibrosis. RKT may therefore have an anti-
fibrotic effect through the reduction of TGF-f and IL-1(, in
addition to its effect on the maintenance of an intact layer of
AECs that suppresses fibroblast proliferation and matrix depo-
sition. In addition, the RKT component glycyrrhizin was re-
ported to suppress concanavalin A-induced liver fibrosis by
regulating the CD4™ T cell response (47), a phenomenon that
might also contribute to the amelioration of lung fibrosis in
RKT-treated mice.

Our present data show that RKT administration significantly
increased both the plasma ghrelin levels and mRNA expres-
sions of ghrelin in the stomachs in BLM-injected WT mice.
Several lines of evidence show that ghrelin has a direct sup-
pressive effect on the production of proinflammatory cytokines
in monocytes, T cells (7), endothelial cells (26), and AECs (14)
through the activation of growth hormone secretagogue recep-
tor (7, 26) or NF-kB (26). In addition, we found earlier that
ghrelin administration exerted a beneficial effect against BLM-
induced ALI in mice by regulating lung inflammation (15). In
the present study, unexpectedly, RKT administration also ame-
liorated lung inflammation and fibrosis and improved the
survival rate in both ghrl~/~ mice and ghsr/~ mice after lung
injury. These results indicate that the protective effects of RKT
on BLM-induced ALI were independent of the ghrelin signal-
ing system.

With regard to the mechanisms of the anti-inflammatory
effects of RKT against BLM-induced lung injury, we sus-
pected that two components of RKT, hesperidin and glycyr-
rhizin, might directly mitigate lung inflammation in BLM-
induced ALI. Hesperidin has been reported to have anti-
inflammatory effects in several systems (8, 17), and it reduced
the neutrophil activation and infiltration in a collagen-induced
arthritis model (48). Another study reported that hesperidin
suppressed inflammatory cell accumulation and decreased in-
flammatory mediators in the BALF of an ovalbumin-induced
chronic airway inflammation model (53). Glycyrrhizin and its
metabolite, 18B-glycyrrhetinic acid, have been reported to
possess various pharmacological properties, including anti-
inflammatory activity (16), antioxidative activity (25), and
antifibrotic effects (35). Both glycyrrhizin and 18B-glycyrrhe-
tinic acid exhibited anti-inflammatory activity through their
inhibitory function against the conversion of hydrocortisone to
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Fig. 7. HE staining of lung sections of C57BL6 mice, ghrelin-deficient (ghrl~~) mice, and growth hormone secretagogue receptor-deficient (ghsr—/") mice at
day 0. Representative HE staining of lung sections of PBS/DW group in C57BL6 mice (left), ghrl™’~ mice (middle), and ghsr™/~ mice (right) at day 0 after
treatment with PBS. The architecture of lungs in the ghrl~/~ mice and ghsr™/~ mice showed no difference from those of C57BL6 mice. Data are representative

lung sections from 5 mice per group. Scale bars: 100 pm.

its inactive metabolite cortisone (6, 40). It was also demon-
strated that glycyrrhetinic acid decreased ICAM-1 and macro-
phage inflammatory protein-la expressions via the inactiva-
tion of NF-kB signaling (4, 58). In the present study, the
administration of hesperidin or glycyrrhizin decreased the
alveolar permeability solely in the BLM-treated mice. These
data suggest that the anti-inflammatory effects of RKT in

direct effects of hesperidin and glycyrrhizin. The reports that
hesperidin or glycyrrhizin administration mitigated LPS-in-
duced ALI in mice (25, 38, 61) support this idea.

In regard to the mechanisms of the orexigenic effects of
RKT, in contrast to the anti-inflammatory effects, the admin-
istration of RKT did not decrease the degree of loss of body
weight and food intake reduction in the ghrl~’~ mice or the

U/kg of BLM or PBS in ghrl™’~ mice 0

BLM-induced ALI might be, at least in part, dependent on the  ghsr/~ mice. These findings suggested that the mitigative
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effects of RKT on the food intake reduction in BLM-injected
mice were dependent on the ghrelin system. The previous
finding that the suppressive effect of RKT against cisplatin-
induced anorexia was blocked by a ghrelin antagonist (43)
supports our findings. The precise mechanism underlying how
RKT exerts its physiological effects in a ghrelin-dependent or
ghrelin-independent manner according to the type of action
needs to be examined in future studies.

In this study, both the ghrl~’~ mice and the ghsr™/~ mice
demonstrated higher numbers of total cells and macrophages in
the BALF after injury compared with the wild-type mice.
These data indicated that the lack of an endogenous ghrelin
signaling system might induce increased macrophage infiltra-
tion into the alveolar spaces after lung injury. Regarding the
mechanisms of aggravated macrophage infiltration in the lungs
in ghrl”’~ mice and the ghsr™/~ mice, a previous study
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group (solid line, n = 23) in growth hormone
secretagogue receptor-deficient (ghsr™ ") mice
for 14 days after challenge with 6 U/kg of
BLM. *P < 0.05. B: alterations in body
weight (left) and cumulative food intake
(right) over 14 days after the instillation of
6 U/kg of BLM or PBS in ghsr/~ mice
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means * SE. *P < 0.05; **P < 0.01. Cell
counts (C) and total protein concentrations
(D) in the BALF of DW- or RKT-adminis-
tered ghsr—/~ mice 7 days after the instilla-
tion of PBS or 6 U/kg of BLM. Data are
means * SE of 3-11 (C) and 3-13 (D) mice
per group. *P < 0.05; **P < 0.01; ##*P <
0.001. E: collagen contents in the lungs of
PBS/DW, PBS/RKT, BLM/DW, and BLM/
RKT ghsr/~ mice at 14 days after the instil-
lation of PBS or 6 U/kg of BLM. Data are
means = SE of 5-12 mice per group. *P <
0.05; ***P < 0.001.
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demonstrated the existence of both growth hormone secreta-
gogue receptor (GHS-R) and ghrelin expressions in human
peripheral blood mononuclear cells (PBMCs), and ghrelin acts
via GHS-R to specifically inhibit the expression of proinflam-
matory cytokines including TNF-a« in the PBMCs (7). Another
study showed that ghrelin treatment downregulated the pro-
duction of TNF-a by LPS-stimulated RAW264.7 cells (5).
Since TNF-«a is the key cytokine that activates the cell prop-
erties of macrophages, such as migration (50) and the secretion
of proinflammatory cytokines (36), the increases in the number
of macrophages in the BALF of the ghrl~/~ mice and ghsr "~
mice after injury in the present study might be due to the lack
of an endogenous ghrelin signaling system in the macrophages.

We previously reported that ghrelin treatment significantly
improved the survival rate of BLM-induced ALI (15). In the
present study, in ghrelin-treated WT mice, we found a 1,000-

BLM/DW

E BLM/GZ 25 mg/kg
] BLM/GZ 50 mg/kg
B BLM/GZ 100 mg/kg ~ Fig. 10. Effects of HES and GZ on the vascular
permeability in the lungs of BLM-injected
mice. Total protein concentrations in the BALF
of DW-, HES (10, 50, or 250 mg/kg, A)-, and
GZ (25, 50, or 100 mg/kg, B)-administered
mice 7 days after 6 U/kg of BLM instillation.
Data are means *= SE of 7-8 (A) and 7 (B) mice
per group. *P < 0.05; **P < 0.01.
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fold increase in the plasma ghrelin level compared with the
DW-treated WT mice after lung injury. We also observed
comparable survival rates of BLM/DW ghrl”’~ mice,
BLM/DW ghsr~/~ mice, and BLM/DW WT mice. Overall, we
surmise that the lack of endogenous expressions of ghrelin and
GHS-R might not influence the differences in the survival rates
of mice with a BLM-induced acute lung injury, and we con-
sider that a pharmacological dose of ghrelin administration that
leads to overwhelming higher plasma ghrelin levels compared
with the endogenous plasma ghrelin levels is necessary for the
improvement of survival rates in BLM-injected mice.

In summary, our results demonstrated the efficacy of RKT
administration in a rodent model of ALI. RKT administration
protected AECs from injury, reduced lung inflammation, ame-
liorated lung fibrosis, and ultimately saved mice from BLM-
induced ALI. The pleiotropic effects of RKT against ALI
shown in this study suggest a novel and attractive therapeutic
strategy for the treatment of ALI in humans.
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