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腎臓の線維化は、ほとんどの慢性腎臓病の特徴である。腎線維化の動物モデルでは、マ

ウスの左尿管を結紮する一側尿管閉塞（UUO）より確立され、広く基礎研究に使用されて

いる。一方、5-アミノレブリン酸（5-ALA）は、ヘムやプロトポルフィリン IX（PpIX）の重要な前
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作用機序を解明することで、将来臨床への応用に目指したい。 
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1）目的（Goal）
Renal fibrosis is the hallmark of most progressive kidney diseases. Unilateral ureteral obstruction
(UUO), the ligation of the ureter, most commonly the left ureter, has been widely used to establish
animal models of renal fibrosis [1]. 5-aminoacetylacrylic acid (5-ALA), a key precursor of heme and protoporphyrin IX (PpIX), is
catalyzed in animal cells by mitochondrial aminoacetylacrylic synthetase using glycine and succinyl-coA [2]. Previous studies
demonstrated that heme oxygenase (HO)-1 expression was up-regulated by 5-ALA and sodium ferrous citrate (SFC) [2-5]. HO-1 is
known to be a rate determining enzyme in heme metabolism that produces bilirubin and carbon monoxide, which were demonstrated to
act as anti-inflammatory factors. The present study aimed to investigate the protective effect of 5-ALA and SFC against
UUO�induced renal fibrosis and inflammation in mice.
2）戦略（Approach）
In present study, we used 5-ALA and SFC to treat UUO�induced renal fibrosis and inflammation. For that purpose, mice were randomly
divided into five treatment groups: Naive group, 7d UUO model group, 7d UUO + 5ALA/SFC group, 14d UUO model group, 14d UUO +
5ALA/SFC group. 5ALA/SFC was administered to the mice for 7 or 14 days following UUO. At the sampling days, blood and kidney
tissue samples were collected for evaluation. Renal tissue was harvested and fixed in 10% formalin or optimal cutting temperature
compound for histological examination. For the biochemical and molecular expression assessments, kidney tissues were immediately
frozen and stored at 80°C until analysis.
3)材料と方法（Materials and methods）
(1) Animals and unilateral ureteral obstruction model
Specific-pathogen-free inbred male C57BL/6J (B6/J; H-2kb) mice, 8-10 weeks old, were purchased from Japan SLC, Inc. (Shizuoka,
Japan). All mice received humane care in accordance with the guidelines of the Animal Use and Care Committee of the National
Research Institute for Child Health and Development, Tokyo, Japan (Permission number: A2009-010-C14). All mouse experiments
conformed to the National Institutes of Health guidelines for the care and use of laboratory animals. The UUO model was estimated as
follows. The abdominal cavity of mice was opened through the left abdominal incision. The left ureter of mice was bluntly separated
and double-ligated with 4-0 sutures in the middle and upper 1/3, and the abdominal cavity was closed by layered suture.
(2) Reagents
5-ALA hydrochloride (SBI Pharmaceuticals Co., Ltd., Tokyo, Japan) and SFC (Fe2+) (Eisai Food & Chemical Co., Ltd., Tokyo, Japan)
were dissolved in distilled water (DW) at a molar ratio of 5-ALA:SFC of 1:0.5. SFC was diluted in 100mg/kg 5-ALA solution
immediately prior to administration.
(3) Treatment protocol
All mice were given adaptive feeding for one week and randomly divided into four groups: Naive group, UUO (7d) group, UUO + 5-
ALA/SFC (7d) group, UUO (14d) group and UUO + 5-ALA/SFC (14d) group. 5-ALA/SFC was administered via daily gavage at a dose
of 100 mg/kg for 7 and 14 days, respectively. Afterwards, blood, spleen and renal tissues were collected for subsequent experiments
on day7 and day14.
(4) Serum biochemical analyses
Serum was collected from whole-blood samples after standing for 30 minutes at 37 °C and centrifuged at 3000 g for 20 minutes at 4
° C. The samples were then measured for the blood urea nitrogen (BUN) and serum creatinine (Cr) concentrations with a
commercially available kit (Fujifilm, Tokyo, Japan) and an automatic biochemical analyzer (DRI-CHEM 3500i; Fujifilm) according to the
manufacturer’s instructions.
(5) Histology and histopathological analyses
Renal 5-μm-thick sections were prepared and subjected to staining with hematoxylin and eosin (HE) (Muto Pure Chemicals, Tokyo,
Japan) for morphological analyses. Slides were then examined by light microscopy (OLYMPUS, Tokyo, Japan).
(6)Masson’s trichrome staining, Sirius red staining
The degree of renal tissue injury was evaluated by Masson ’ s trichrome staining. The kidney tissues were fixed in 4%
paraformaldehyde, embedded in paraffin, and sliced into 4-μm paraffin sections. Then, sections were treated in xylene, dehydrated
with graded ethanol, and stained with Masson (Sigma-Aldrich; Merck KGaA). After staining, the sections were dehydrated with 70 and
90% ethanol. Slides observed with an optical microscope (Olympus, Tokyo, Japan). Histological results were quantified using the
WinRoof 7.4 software program (Mitani Corporation, Tokyo, Japan).
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１．研究概要（2）(7) Immunohistochemical analysis
(8) RNA purification and quantitative RT-PCR
(9) Western blotting
(10) Statistical analyses
4）実験結果（Results）
(1) 5-ALA/SFC reduced UUO-induced renal dysfunction and tubulointerstitial injury
To determine whether 5-ALA/SFC treatment improves the outcome in acute kidney injury (AKI) and subsequent renal fibrosis, we set
up a rodent model of unilateral ureteral obstruction (UUO). Mice were treated with 5-ALA/SFC or acted as controls on day 7 and 14
(Fig. 1A). Blood samples were measured for the blood urea nitrogen (BUN) and serum creatinine (Cr) concentrations with a
commercially available kit (Fujifilm, Tokyo, Japan) and an automatic biochemical analyzer (DRI-CHEM 3500i; Fujifilm) according to the
manufacturer’s instructions.Compared with naive group, serum BUN in UUO model group on day7 and day14 increased significantly
(p<0.001 and p<0.0001, respectively). 5-ALA/SFC treatment decreased the levels of BUN on day7 and day14 (p<0.01and p<0.0001,
respectively). The levels of Cr also down-regulated markedly by 5-ALA/SFC administration on day14 (p<0.05) but had no significant
differences on day7 (Fig. 1B). Kidneys of the UUO side and naive group were harvested for histopathology on day 7 and day 14.
Hematoxylin and eosin (H&E) staining showed that 5-ALA/SFC attenuated tubular atrophy, tubular dilatation and inflammatory cell
infiltration.
(2)5-ALA/SFC exerted protective effects against inflammation
Renal mRNA expression of inflammatory cytokine-related genes, particularly tumor necrosis factor-alpha (TNF-α), inducible nitric
oxide synthase (iNOS), interferon-gamma (IFN-γ), interleukin-1 beta (IL)-1β, IL-17, C-C motif chemokine ligand 2 (CCL2), CCL5,
CD11c and C-C chemokine receptor type 2 (CCR2), were significantly higher in UUO group on day7 and day14. In contrast, the
expression of TNF-α, IL-1β, CCL2, CCL5, IL-17, iNOS and CCR2 was lower in the 7d_A/S group than in the 7d_control group
(p<0.01, p<0.05 and p <0.01, respectively). The IFN-γ expression was down-regulated as well but without a significant difference.
After the administration of 5-ALA/SFC for 7 days, TNF-α and IL-1β showed notable reductions in expression (p<0.01 and p<0.01,
respectively). The infiltration of neutrophils in liver was assessed using chloroacetate esterase staining of liver specimens.
(3)5-ALA/SFC exerted anti-apoptotic effects.
The mRNA expression of apoptosis-related molecules, particularly Bcl-2-associated X (Bax), caspase-1, caspase-3 and NF-κB, was
markedly up-regulated in the 7d_control group compared with Naïve group (p<0.05, p<0.0001, p<0.001 and p<0.0001, respectively). The
mRNA expression of Bax, caspase-1, caspase-3, caspase-9 and NF-κB showed a significant decrease (p<0.05) in the 7d_A/S group
on day7 but had no significant differences on day14. Furthermore, the mRNA expression of Bcl-2 in the 7d_A/S group was markedly
up-regulated on day7(p<0.05).
To confirm the anti-apoptosis effect of 5-ALA/SFC, we measured the protein levels of Bax and NF-κB in renal tissues in the Naïve
group, 14d_control group and 14d_A/S group by Western blotting. After a densitometric analysis of the signals, we found that the
expression of Bax and NF-κB was significantly reduced by the treatment of 5-ALA/SFC (p<0.05 and p<0.05, respectively).
(4)5-ALA/SFC mitigated UUO-induced tubulointerstitial fibrosis
Picro-Sirius red staining and Masson's trichrome (MT) staining showed markedly decreased tubulointerstitial fibrosis in the 5-
ALA/SFC treated group on day 7 and day 14.We then performed IHC staining to evaluate kidney fibrosis. Tubules were surrounded by
expanded interstitium with abundant interstitial collagen I and α-SMA. 5-ALA/SFC treatment suppressed tubulointerstitial fibrosis on
day 7 and day 14 dramatically.
RT-PCR revealed that 5-ALA/SFC significantly reduced mRNA expression of PDGF, TIMP-1, TIMP-2, Col1α1, Col5α3, MMP9 and
α-SMA. To confirm the anti-fibrosis effect of 5-ALA/SFC, we measured the protein levels of TGF-β, Col1α1 and α-SMA in renal
tissues in the Naïve group, 14d_control group and 14d_A/S group by Western blotting. After a densitometric analysis of the signals, we
found that the expression of TGF-β, Col1α1 and α-SMA was significantly reduced by the treatment of 5-ALA/SFC (p<0.01, p<0.01
and p<0.001, respectively).
(5)5-ALA/SFC promotes renal proliferation through activation of the ERK signaling pathway
To further characterize 5-ALA/SFC-induced renal proliferation, we analyzed the expression and activation of p44 ERK1 and p42
ERK2. This analysis revealed that 5-ALA/SFC significantly increased the levels of phosphorylated (activated) ERK1/2 on day 14.
5）考察（Discussion）
5-ALA/SFC is a very promising treatment of renal diseases and the rational use of it will solve many problems clinically.
6）参考文献（References）
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Research Article

Combinations of anti-GITR antibody and CD28 
superagonist ameliorated dextran sodium sulfate-induced 
mouse colitis
Kuai Ma1,2, Weitao Que2, Xin Hu2, Wen-Zhi Guo3, Liang Zhong4, Daisuke Ueda5, Er-li Gu1, and 
Xiao-Kang Li*,2,3,

1Department of Gastroenterology and Hepatology, Jing’an District Central Hospital, Jing’an Branch of Huashan Hospital, Fudan University, 
Shanghai, China
2Division of Transplantation Immunology, National Research Institute for Child Health and Development, Tokyo, Japan
3Department of Hepatobiliary and Pancreatic Surgery, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China
4Department of Gastroenterology, Huashan Hospital, Fudan University, Shanghai, China
5Division of Hepato-Pancreato-Biliary Surgery and Transplantation, Department of Surgery, Kyoto University Graduate School of Medicine, 
Kyoto, Japan
*Correspondence: Xiao-Kang Li, Division of Transplantation Immunology, National Research Institute for Child Health and Development, 2-10-1 Okura, 
Setagaya-ku, Tokyo 157-8535 Japan. Tel: +81 3 3416 0181; Fax: +81 3 3417 2864; E-mail: ri-k@ncchd.go.jp

Abstract 
Ulcerative colitis (UC) is one of the two main forms of inflammatory bowel disease (IBD) and is an idiopathic, chronic inflammatory disease of 
the colonic mucosa with an unclear etiology. Interleukin (IL)-10 has been reported to play a crucial role in the maintenance of immune homeo-
stasis in the intestinal environment. Type 1 regulatory T (Tr1) cells are a subset of CD4+Foxp3− T cells able to secrete high amounts of IL-10 with 
potent immunosuppressive properties. In this study, we found that the combination of anti-GITR antibody (G3c) and CD28 superagonist (D665) 
treatment stimulated the generation of a large amount of Tr1 cells. Furthermore, G3c/D665 treatment not only significantly relieved severe mu-
cosal damage but also reduced the incidence of colonic shortening, weight loss, and hematochezia. Dextran sodium sulfate (DSS) upregulated 
the mRNA levels of IL-6, IL-1β, IL-17, IL-12, tumor necrosis factor-alpha, C-C chemokine receptor type 5, and Bax in splenic lymphocytes (SPLs) 
and colon tissues, while G3c/D665 treatment conversely inhibited the increase in mRNA levels of these genes. In addition, G3c/D665 treatment 
altered the proportion of CD4+ and CD8+ T cells and increased CD4+CD25+Foxp3+ regulatory T cells in SPLs, mesenteric lymph nodes (MLNs), 
and lamina propria lymphocytes (LPLs). Thus, the combination of G3c and D665 treatment showed efficacy against DSS-induced UC in mice by 
inducing a large amount of Tr1 cell generation via the musculoaponeurotic fibrosarcoma pathways in vivo and relieving inflammatory responses 
both systematically and locally.
Keywords: anti-GITR antibody, CD28 superagonist, dextran sulfate sodium, inflammatory bowel disease, type 1 regulatory T cells
Abbreviations: Ahr: Aryl hydrocarbon receptors; APCs: activated antigen-presenting cells; CTLs: cytotoxic T cells; CTLA-4: cytotoxic T lymphocyte antigen 4; 
DSS: dextran sodium sulfate; Ebi3: EBV-induced gene 3; Egr2: early growth response 2; Eomes: eomesodermin; FCM: flow cytometry; GITR: glucocorticoid-
induced tumor necrosis factor receptor-related protein; IBD: inflammatory bowel disease; IL: Interleukin; Irf4: Interferon regulatory factor 4; LPLs: lamina propria 
lymphocytes; Maf: musculoaponeurotic fibrosarcoma; MLNs: mesenteric lymph nodes; PBS: phosphate-buffered saline; Prdm1: PR domain zinc finger protein 1; 
RT-PCR: real-time polymerase chain reaction; SPLs: splenic lymphocytes; Tbx21: T-box transcription factor 21; TCR: T-cell receptor; Teff: effector T cell; TGF-β: 
transforming growth factor beta; TLR: Toll-like receptor; Tregs: regulatory T cells; Tr1: Type 1 regulatory T; UC: ulcerative colitis.

Introduction
Ulcerative colitis (UC) is a type of inflammatory bowel 
disease (IBD) characterized by chronic and repeated episodes 
of enteropatia with symptoms of abdominal pain, severe 
diarrhea, rectal bleeding, tenesmus, and extraintestinal mani-
festation [1]. Although the etiology and pathogenesis of UC 
are complicated and remain uncertain, studies have demon-
strated that UC is closely related to the imbalance in mucosal 
immunity and changes in the colonic barrier [2]. Previous 
studies showed that the oral administration of dextran sodium 
sulfate (DSS) in mice induced colitis with clinical symptoms 

and histopathological features markedly similar to those of 
human UC [3]. Therefore, the DSS-induced mouse model has 
been widely used to assess the effects of therapeutic manipu-
lation of UC. At present, there is no cure for UC, and the main 
treatments for this disorder remain glucocorticosteroids and 
immunosuppressive agents. More effective and viable ther-
apies with fewer side effects are thus urgently needed [4].

In recent years, cellular therapies have been explored in 
various immune-mediated inflammatory diseases (IMIDs), 
including IBD [5, 6]. The immune system maintains periph-
eral tolerance and downregulates unwanted inflammatory 
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responses through specialized subpopulations of T cells, 
namely regulatory T cells (Tregs). The two best-characterized 
subsets of CD4+ Tregs are CD25+Foxp3+CD4+ T cells and 
IL-10-producing Foxp3-CD4+ T cells, Type 1 regulatory T 
(Tr1) cells [7]. Foxp3+ Tregs are characterized by the con-
stitutive expression of the transcription factor forkhead 
box protein 3 (Foxp3) and the expression of the IL-2 re-
ceptor a-chain (CD25) [8]. Tr1 cells represent a subset of 
CD4+Foxp3− T cells able to suppress colitogenic T cell re-
sponses mainly through the production of high amounts of 
the cytokine IL-10 with potent immunosuppressive proper-
ties [9]. IL-10 has been reported to play a crucial role in the 
maintenance of the intestinal microbe-immune homeostasis 
[10]. In addition to CD25+Foxp3+ Tregs, Tr1 cells are poten-
tial candidates for cellular therapy in mucosal diseases [5]. 
Previous studies have reported that Tr1 cells can be generated 
from murine and human CD4+ T cells in vitro [11, 12], but 
no effective pharmacological approaches have been able to 
expand antigen-specific or disease-specific Tr1 cells in vivo. 
In the present study, we found that combinations of anti-
GITR antibody (G3c) and CD28 superagonist (D665) treat-
ment induced large amounts of IL-10/IFN-γ-co-producing 
CD4+Foxp3− Tr1 cells in mice. Furthermore, Tr1 cells con-
tribute to the immunomodulatory effect of protecting against 
colitis via the high production of IL-10.

In the present study, we determined the protective role 
of the combinations of G3c and D665 treatment on DSS-
induced UC in mice by evaluating the disease activity index 
(DAI), colon lengths, and pathological changes. To clarify the 
variation in the proportion and phenotype of immune cells 
after G3c/D665 treatment, we performed a flow cytometry 
(FCM) analysis with splenic lymphocytes (SPLs), mesenteric 
lymph nodes (MLNs), and colon lamina propria lymphocytes 
(LPLs). Furthermore, cytokine levels were detected by real-
time polymerase chain reaction (RT-PCR). The key role of 
Tr1 cells in G3c/D665 treatment against UC was further elu-
cidated.

Materials and methods
Animal model
Male C57BL/6JJmsSLc (B6/J; H-2kb) mice 8–10 weeks 
old, purchased from Shizuoka Laboratory Animal Center 
(Shizuoka, Japan), were maintained under specific-pathogen-
free conditions in a feeding room with automatically con-
trolled light and temperature according to the guidelines 
of the Institutional Animal Care and Use Committee. All 
animal procedures were authorized by the National Research 
Institute for Child Health and Development (permission no. 
A2009-010-C12).

Mice were randomized into three groups: a naïve group, 
a 3.5% DSS-control group and a 3.5% DSS + G3c/D665-
treated group. Acute colitis of mice was induced with 3.5% 
DSS (molecular weight, 36 000–50 000; MP Biomedicals, 
Irvine, CA) for 5 days followed by ad libitum drinking water 
for 3 days. The DSS solutions were dissolved in sterile, distilled 
water, and prepared fresh every other day. Mice were given 
a single dose of D665, 1 mg/mice on day 0 and a single dose 
of G3c, 1 mg/mice on day 3 via intraperitoneal injection as a 
treated group. G3c and D665 antibodies were purified from 
the supernatant of hybridomas, gifts from J. Shimizu, Kyoto 
University, Japan and Dr T. Hunig, University of Wurzburg, 
respectively. Naïve mice received free water during the study 
period. Body weight and the DAI were evaluated daily during 
the colitis induction and recovery phases of the experiment 
[13]. After mice were sacrificed on day 8, the entire colon 
was removed from the caecum to the anus, and the colon 
length was measured as an indirect marker of inflammation.

The DAI
The body weight of mice in each group was recorded daily, 
as well as the stool consistency and the presence of occult or 
gross blood per rectum during the experimental period. These 
parameters were respectively scored by one trained observer 
blinded to the protocol, and the DAI was calculated as re-
ported previously (Table 1) [14].

Histology and histological scoring
The entire colon was washed with phosphate-buffered saline 
(PBS), and the distal colon was fixed in 10% formaldehyde 
solution for 48 h and embedded in paraffin for histological 
analyses. Sections of the colon (4-mm thick) were prepared 
and subjected to staining with hematoxylin and eosin (H&E; 
Muto Pure Chemicals, Osaka, Japan) for morphological 
analyses. Slides were then examined by light microscopy 
(OLYMPUS, Tokyo, Japan) in a blinded fashion to assess the 
inflammation state and blindly scored using a previously pub-
lished grading system (Table 2) [15].

Table 1: Disease activity index (DAI) scoring.

Score Weight loss (%)  Stool consistency Rectal bleeding 

0 < 1 Normal Negative hemoccult test
1 1-5
2 5-10 Loose stools Positive hemoccult test
3 10-20
4 >20 Diarrhea Gross bleeding

Table 2: Histological injury scoring.

Score Severity of inflammation Depth of injury Crypt damage 

0 None None None
1 Slight Mucosal Basal 1/3 damaged
2 Moderate Mucosal and submucosal Basal 2/3 damaged
3 Severe Transmural Only surface epithelium intact
4 Entire crypt and epithelium lost

D
ow

nloaded from
 https://academ

ic.oup.com
/cei/article/208/3/340/6577113 by Tsinghua U

niversity user on 29 July 2022

-226-



342 Ma et al.

Cell preparation and the flow cytometry analysis
Lymphocyte types among SPLs, MLNs, and LPLs were de-
tected by the LSRFortessa system (BD Biosciences, Franklin 
Lakes, NJ). Cells were subjected to live/dead staining 
(Thermo Fisher Scientific, Cleveland, OH) for labeling dead 
cells and blocked with anti-CD16/CD32 Fc Block antibody 
to prevent non-specific antibody binding. The following 
antibodies were purchased from BioLegend (San Diego, CA) 
and used in the flow cytometry analysis: BV405 anti-mouse 
CD45 mAb, PE/CF594 anti-mouse CD3 mAb, AF700 anti-
mouse CD4 mAb, APC/Cy7 anti-mouse CD4 mAb, AF700 
anti-mouse CD8 mAb, and APC/Cy7 anti-mouse CD25 
mAb. For intracellular staining, cells were fixed and per-
meabilized using the transcription factor staining buffer set 
(eBioscience, San Diego, CA), and then intracellular Foxp3 
staining was performed using FITC anti-mouse Foxp3 mAb 
(eBioscience), PE/Cy7 anti-mouse IFN-γ mAb, APC anti-
mouse CTLA-4 mAb, and PE anti-mouse IL-10 mAb pur-
chased from BioLegend. For intracellular cytokine staining, 
cells were stimulated with 50 ng/ml phorbol 12-myristate 
13-acetate (BD Golgi PlugTM), 1  mM ionomycin (Sigma–
Aldrich, St. Louis, MO), and Brefeldin A (eBioscience) in 
complete medium for 4 h, followed by surface and intra-
cellular staining. The stained cells were analyzed with the 
FlowJo software program (Version 10.5.0; BD Biosciences).

Total mRNA preparation and quantitative RT-PCR 
(qRT-PCR)
Total mRNA was extracted from frozen SPLs, MLNs, 
and colon tissues using a RNeasy Mini Kit (Qiagen, 
Valencia, CA). Each 0.8-μg aliquot of mRNA was reverse-
transcribed to cDNA using a Prime Script RT reagent Kit 
(RR037A; Takara, Shiga, Japan). qRT-PCR was performed 
by the SYBR® Green system using an Applied Biosystem 
PRISM7900 apparatus (Thermo Fisher Scientific). The PCR 
cycle conditions for the SYBR® Green system were 50 °C 
for 2  min, 95 °C for 2  min, 45 cycles of 95 °C for 15  s, 
and 60 °C for 60  s. The comparative cycle threshold (Ct) 

method was used to determine the relative gene expression, 
and the results of target genes (Table 3) were normalized by 
subtracting the Ct value of 18S rRNA, with the fold change 
calculated by comparative CT.

Western blot analyses
In brief, frozen SPLs in three groups were homogenized in 
RIPA buffer containing 1% protease inhibitor cocktail-1 and 
1% protease inhibitor cocktail-2 (Sigma–Aldrich) followed by 
centrifugation in a microfuge at top speed for 30 min. Protein 
concentrations were assayed using Bio-Rad Protein Assay 
(Bio-Rad, Hercules, CA). Samples were separated by elec-
trophoresis on 10% polyacrylamide gels and transferred to 
Immobilon-PVDF (Bio-Rad). After brief incubation with 5% 
non-fat milk to block non-specific binding, membranes were 
exposed overnight at 4 °C to specific musculoaponeurotic 
fibrosarcoma (Maf) (Cell Signaling Technology, Danvers, 
MA). Maf activity was quantified by a laser densitometric 
analysis of the radiographic film using the ImageJ software 
program (NIH, Bethesda, MD).

Statistical analyses
The GraphPad Prism 9 software program (GraphPad, San 
Diego, CA) was used to calculate statistical significance. A 
two-way analysis of variance (ANOVA) method and one-way 
ANOVA method were used to compare the three groups. Data 
are expressed as the mean ± SD. A value of P < 0.05 was con-
sidered to be statistically significant (*P < 0.05; **P < 0.01;  
***P < 0.001; ****P < 0.0001).

Results
G3c/D665 treatment exhibited the potential to 
attenuate DSS-induced colitis in mice
We evaluated the potential therapeutic effect of G3c/D665 on 
a DSS-induced mouse colitis model that had been established 
by orally feeding 3.5% DSS for 5 consecutive days and water 

Table 3: Primer sequences for real-time qPCR.

Gene Forward Primer (5ʹ~3ʹ) Reverse Primer (3ʹ~5ʹ) 

Prdm1 CCCTCATCGGTGAAGTCTA ACGTAGCGCATCCAGTTG
Eomes GCGCATGTTTCCTTTCTTGAG GGTCGGCCAGAACCACTTC
Egr2 GCCAAGGCCGTAGACAAAATC CCACTCCGTTCATCTGGTCA
Tbx21 AGCAAGGACGGCGAATGTT GGGTGGACATATAAGCGGTTC
Ahr AGCCGGTGCAGAAAACAGTAA AGGCGGTCTAACTCTGTGTTC
TGF-β ATCCTGTCCAAACTAAGGCTCG ACCTCTTTAGCATAGTAGTCCGC
Foxp3 CACCCAGGAAAGACAGCAACC GCAAGAGCTCTTGTCCATTGA
Maf GCAGAGACACGTCCTGGAGTCG CGAGCTTGGCCCTGCAACTAGC
TNF-α AAGCCTGTAGCCCACGTCGTA GGCACCACTAGTTGGTTGTCTTTG
IL-1β ACCTTCCAGGATGAGGACATGA AACGTCACACACCAGCAGGTTA
Bax GGCTGCTTGTCTGGATCCAA ATGGTCACTGTCTGCCATGTG
CCR-5 GACATCCGTTCCCCCTACAAG TCACGCTCTTCAGCTTTTTGCAG
IL-6 GGCGGATCGGATGTTGTGAT GGACCCCAGACAATCGGTTG
IL-12 AGCACGGCAGCAGAATAAA CTCCACCTGTGAGTTCTTCAAA
IL-17 CAGCAGCGATCATCCCTCAAAG CAGGACCAGGATCTCTTGCTG
IL-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG
18S ACATCGACCTCACCAAGAGG TCCCATCCTTCACATCCTTC
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for 3 days. As expected, mice in the 3.5% DSS-control group 
lost more body weight and exhibited shorter colon lengths 
and higher DAI scores than the naïve and G3c/D665-treated 
groups. The improvement of symptoms, such as colonic short-
ening, weight loss, and hematochezia, in mice treated with 
G3c/D665 was significant. The colon tissue sections in naïve 
mice showed no signs of inflammation, while those in the con-
trol group showed distortion of crypts, loss of goblet cells, 
inflammatory cell infiltration, and severe mucosal damage. In 
contrast, G3c/D665 treatment obviously improved the patho-
logical changes (Fig. 1A). The colons from G3c/D665-treated 
DSS-colitis mice were relatively normal, exhibiting only slight 
evidence of inflammatory cell infiltration. These findings were 
also quantitatively evaluated by a histopathological ana-
lysis and scored using a previously published grading system  
(Fig. 1B). Taken together, these findings indicate that the com-
bination of G3c/D665 treatment effectively attenuated DSS-
induced colitis in mice.

G3c/D665 treatment substantially suppressed 
inflammatory and apoptotic responses in colitis 
mice
To understand the anti-inflammatory effect of the combin-
ations of G3c/D665 treatment in DSS-induced colitis in mice, 
we measured the mRNA levels of pro-inflammatory and 
apoptotic cytokines and chemokines in colon tissues and 
spleen lymphocytes. The results show that the mRNA levels 

of pro-inflammatory cytokines (such as TNF-α, IL-6, IL-1β, 
IL-17, and IL-12), pro-inflammatory chemokines (such as 
CCR-5) and apoptotic factors (such as Bax) were significantly 
increased in mice in the control group. However, the increase 
in these cytokines and chemokines was reduced by G3c/D665 
treatment in colon tissues (Fig. 2A). In spleen lymphocytes, the 
mRNA levels of pro-inflammatory cytokines, such as TNF-α, 
IL-6, IL-1β, and IL-12, were significantly reduced in the G3c/
D665-treated group as well (Fig. 2B). Our data indicated that 
G3c/D665 treatment conferred profound protection against 
DSS-induced colitis in association with reduced inflammatory 
and apoptotic responses, alleviated tissue damage, and the 
maintenance of intestinal integrity and functionality.

G3c/D665 treatment altered the proportion of CD4+ 
and CD8+ T cells in SPLs, MLNs, and LPLs.
To clarify the variation in the number and/or phenotype of 
immune cells after G3c/D665 treatment, we performed an 
FCM analysis with SPLs, MLNs, and LPLs. Previous studies 
have shown that CD8+ cytotoxic T cells play a vital role in 
inducing relapsing colitis [16]. As shown in Fig. 3, in the pre-
sent study, the proportion of CD8+ cytotoxic T cells among 
SPLs (P < 0.0001) and MLNs (P < 0.05) was significantly 
downregulated by the combinations of G3c and D665 treat-
ment compared to the control group, whereas there was no 
significant change in the LPLs. Furthermore, SPLs, MLNs, 

Figure 1: G3c/D665 treatment attenuated DSS-induced damage of colon. (A) The colon gross appearance and length analysis of mice are shown. The 
DAI of mice and the weight change (%) of mice are also presented. (B) Hematoxylin and eosin (HE) staining of colon specimens in the three groups. 
Substantial monocyte infiltration, mucosa erosion, goblet cell arrangement disorder, and reduction were seen in the colon specimens of the 3.5% DSS-
control group. A Hematoxylin and eosin (HE) analysis of the colon specimens is shown (scale bars = 100 and 200 μm). Each bar represents the mean ± 
SD. *P < 0.05, ****P < 0.0001.
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and LPLs in the G3c/D665 group showed an apparent in-
crease in the proportion of CD4+ T cells compared with the 
control group.

G3c/D665 treatment led to CD4+CD25+Foxp3+ Treg 
expansion in DSS-induced colitis
Tregs are a unique subpopulation of CD4+ T cells that play 
pivotal roles in maintaining immune tolerance, improving the 
inflammatory intestinal environment, and conferring thera-
peutic benefits for colitis [17, 18], so we evaluated the popu-
lation of CD4+CD25+Foxp3+ Tregs in SPLs, MLNs, and LPLs 
among the three groups.

Our analysis showed that the percentage of 
CD4+CD25+Foxp3+ Tregs in the G3c/D665-treated group 
was markedly higher than in the other two groups (Fig. 
4A, B). Although the combination of G3c and D665 treat-
ment generated a large number of CD4+CD25+Foxp3+ 
Tregs according to the FCM analysis, the mRNA expres-
sion of Foxp3 gene was not significantly increased in the 
G3c/D665 group (Supplementary Fig. S1). Both the T cell 

protein cytotoxic T lymphocyte antigen 4 (CTLA-4) pathway 
and CD4+CD25+Foxp3+ Tregs are essential for maintaining 
control of immune homeostasis [19]. We further analyzed 
CTLA-4 and found that CD4+CD25+Foxp3+ Tregs signifi-
cantly expressed CTLA-4 in the SPLs, MLNs, and LPLs of the 
three groups (Fig. 4C, D).

G3c/D665 treatment increased the proportion of Tr1 
cells in DSS-induced mouse colitis
Tr1 cells are characterized by their high IL-10-producing cap-
acity and the ability to inhibit T cell responses and colitis [11]. 
Therefore, we performed an FCM analysis to gain insight into 
the expression of IL-10+Foxp3− Tr1 cells and IL-10+IFN-γ+ 
Tr1 cells gated from CD4+ T cells. Our result showed that 
the combinations of G3c and D665 treatment generated large 
amounts of IL-10+Foxp3- Tr1 cells and IL-10+IFN-γ+ Tr1 cells 
in the three different lymphocyte types (Fig. 5). To identify the 
expression of Tr1-related transcription factors (TFs), we ex-
tracted TFs known to regulate Tr1 differentiation, including 
early growth response 2 (Egr2), Aryl hydrocarbon receptors 

Figure 2: G3c/D665 treatment reduced the mRNA expression of inflammatory and apoptosis cytokine-related genes. (A) Homogenates of colon tissues 
were analyzed by qRT-PCR as described in the materials and methods. The mRNA expression of inflammatory cytokines-related genes, particularly 
IL-1β, IL-6, IL-12, IL-17, and CCR-5, was significantly lower in the G3c/D665-treated group than in the control group. The mRNA expression of apoptosis-
related gene, such as Bax, was reduced in the G3c/D665-treated group. (B) SPLs were analyzed by qRT-PCR as well. Compared with the control group, 
the mRNA expression of inflammatory and apoptosis cytokine-related genes, such as IL-1β, IL-12, and Bcl-2, was reduced in the G3c/D665-treated 
group. Values are expressed as arbitrary units (mean ± SD). *P < 0.05, **P < 0.01, ***P < 0.001.
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(Ahr), T-box transcription factor 21 (Tbx21), Eomesodermin 
(Eomes), PR domain zinc finger protein 1 (Prdm1), trans-
forming growth factor beta (TGF-β), and Maf (Fig. 6, 
Supplementary Fig. S1). Of these, the mRNA expression of 
the Prdm1 and Eomes genes was markedly upregulated in the 
MLNs of the G3c/D665-treated group but showed no sig-
nificant difference in SPLs or LPLs. In contrast, the mRNA 
expression of the Ahr gene was shown to be downregulated 
in MLNs, SPLs, and LPLs of the G3c/D665-treated group, 
while the Tbx21, Egr2, and TGF-β mRNA expression did not 
increase as well Supplementary (Fig. S1). The mRNA expres-
sion of IL-10 was significantly increased in the SPLs of the 
G3c/D665-treated group but did not differ markedly among 
the three groups in MLNs or LPLs. Interestingly, the protein 
expression of Maf was increased in the SPLs of the G3c/D665-
treated group (Fig. 6D) according to Western blotting, but its 
mRNA expression was not upregulated in any of the three 
lymphocyte species according to RT-PCR (Supplementary 
Fig. S1).

Discussion
UC has become a global public health threat, UC patients 
suffer from a poor quality of life, increased risk of colorectal 
cancer, and morbidity/mortality associated with colectomy 
performed for possible symptomatic relief [20]. Despite re-
cent advances and the development of biological therapies, 
no drugs provide sustained remission of UC at present [21]. 

Due to substantial advances in our understanding of the 
biology of regulatory immune cells, novel cell-based therapies 
to dampen or prevent undesired immune responses in mul-
tiple immune diseases, including UC, have been developed. In 
previous studies on cell therapies for IBD, increased attention 
has been paid to the use of Foxp3+ Tregs, but there have been 
few studies on Tr1 cells. Our study showed that Tr1 cells also 
have several functional properties that may make them par-
ticularly well-suited for treating UC or other inflammatory 
intestinal diseases.

D665 is a unique class of CD28-superagonist monoclonal 
antibody that has been reported to be capable of activating T 
cells without overt stimulation of the T-cell receptor (TCR) 
and selectively activating Tregs in rodents, suggesting an 
option for the treatment of autoimmune and inflammatory 
diseases [22]. Glucocorticoid-induced tumor necrosis factor 
receptor-related protein (GITR) is a transmembrane protein 
expressed on the surface of multiple types of immune cells and 
acts as a co-activating molecule that promotes the function of 
effector T cells and the expansion of Tregs, making it an at-
tractive target for immunotherapy [23, 24]. The important 
role of GITR in immune system regulation has attracted a lot 
of attention for immunotherapeutic treatment of cancers and 
autoimmune diseases and resulted in the development of anti-
GITR antibodies [25, 26]. G3c is an anti-GITR antibody that 
can recognize GITR and have strong co-stimulatory activity 
for both Tregs and responder T cells [27]. In our previous 
trials, we found that the use of D665 alone expanded Foxp3+ 

Figure 3: G3c/D665 treatment increased the proportion of CD4+ T cells in SPLs, MLNs, and LPLs. (A) A representative FCM analysis assessing the 
expression of CD8+ and CD4+ T cells gated on CD3+ T cells in SPLs, MLNs, and LPLs of three groups. (B) The proportion of CD4+ T cells was significantly 
increased in the G3c/D665-treated group compared to the control group in SPLs, MLNs, and LPLs. The proportion of CD8+ T cells was significantly 
reduced in the G3c/D665-treated group compared to the 3.5% DSS group in SPLs and MLNs. Data are expressed as the mean ± SD. *P < 0.05, **P < 
0.01, ***P < 0.001, ****P < 0.0001.
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Tregs, whereas the single-use of G3c could not generate Tregs. 
In our data, D665 potently expanded Tregs, and the GITR-
targeting G3c application further enforced the expansion of 
Tregs. Large amounts of Tr1 cells were generated after D665 
and G3c treatments. G3c played an important role in the in-
duction of Tr1 cells based on D665 treatment. Interestingly, 
injecting G3c before D665 did not have this effect as well.

To understand the protective effects of G3c/D665 on DSS-
induced colitis, mice that had received DSS were given a single 
dose of D665 1 mg/mice on day 0 and a single dose of G3c 
1 mg/mice on day 3 by intraperitoneal injection. This G3c/
D665 treatment markedly ameliorated the severity of DSS-
induced colitis by inhibiting various pathological manifest-
ations, such as colonic shortening, weight loss, intestinal 
bleeding, and diarrhea, resulting in a significant reduction 
in the DAI of the treatment group compared with the non-
treated group (Fig. 1A). Furthermore, the degree of mucosal 
inflammation was markedly improved in mice given G3c/
D665 treatment, with observations of decreased mucosal le-
sions, decreased inflammatory infiltration, and crypt damage 
microscopically (Fig. 1B).

A hallmark of UC is the dysregulated activation of inflam-
matory cytokines and components of signaling pathways 

[28]. Aberrant activation of the immune response and un-
controlled production of inflammatory cytokines has been 
proven to cause disruption of intestinal barriers, disturb-
ance of intestinal homeostasis, and extensive mucosal injury 
and inflammation, leading to the development of UC. In re-
sponse to the commensal microbiota and Toll-like receptor 
(TLR) signaling, activated antigen-presenting cells (APCs) 
in the inflamed mucosa of UC produce large amounts of 
pro-inflammatory cytokines, such as IL-1β, IL-6, IL-12, and 
TNF-α [28–30]. CCR-5 is a chemokine receptor predomin-
antly expressed on the surface of Th1 polarized T cells and 
plays an important role in T cell-mediated tissue damage 
[31]. IL-17 was reported to mediate pro-inflammatory 
functions including the upregulation of TNF-α, IL-1β, and 
IL-6 and the recruitment of neutrophils to induce tissue 
destruction in IBD [28]. In our study, the mRNA levels of 
pro-inflammatory cytokines (such as TNF-α, IL-6, IL-1β, 
IL-17, and IL-12), pro-inflammatory chemokines (such as 
CCR-5), and apoptotic factors (such as Bax) were signifi-
cantly upregulated in mice in the DSS-control group, as ex-
pected (Fig. 2). These indicators were downregulated after 
treatment, suggesting that G3c/D665 has a significant in-
hibitory effect on intestinal inflammation and cell necrosis.

Figure 4: G3c/D665 treatment increased the proportion of CD4+CD25+Foxp3+ Tregs in SPLs, MLNs, and LPLs. (A) A representative FCM analysis 
assessing the expression of CD4+CD25+Foxp3+ Tregs gated on CD4+ T cells in the SPLs, MLNs, and LPLs of the three groups. (B) The proportion of 
Tregs was significantly increased in the G3c/D665-treated group compared to the control group among SPLs, MLNs, and LPLs. (C–D). A representative 
FCM analysis assessing the MFI of CTLA-4 expression in the SPLs, MLNs, and LPLs of the three groups gated from CD4+CD25+Foxp3+ Tregs. Data are 
expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Previous studies have reported that colitis was prevented 
by in vivo antibody depletion of CD8+ T cells but not by that 
of CD4+ T cells. CD8+ cytotoxic T cells (CTLs) induce re-
lapsing colitis in normal mice, and the cytolytic function of 
CD8+ CTLs against epithelial cells may initiate the intestinal 
inflammatory process [16]. Our FCM data showed that CD8+ 
CTLs were significantly downregulated by G3c/D665 treat-
ment in SPLs and MLNs, whereas there were no significant 
differences between these two groups in LPLs (Fig. 3). G3c/
D665 treatment obviously altered the proportion of CD8+ 
CTLs and CD4+ T cells, and the proportion of CD4+ T cells in 
SPLs, MLNs, and LPLs of G3c/D665 group was significantly 
higher than that in the control group. These results suggest an 
important role of CD8+ CTLs as initiators of colitis and that 
G3c/D665 treatment can improve colitis by modulating CD4+ 
T cell and CD8+ CTL production by modulating systemic or 
local immunity.

Intestinal mucosal damage caused by UC is associated 
with mucosal T-cell dysfunction, the imbalance between pro-
inflammatory and anti-inflammatory cytokines, and cellular 
inflammation [28, 32, 33]. CD4+CD25+Foxp3+ Tregs play a 
critical role in the maintenance of self-tolerance and control 

of autoimmune diseases and offer a therapeutic option in 
cases of inflammatory colitis [17, 34, 35]. To clarify the pro-
tective activity of G3c/D665 treatment in DSS-colitis, the 
CD4+CD25+Foxp3+ Treg population was evaluated by FCM. 
In our study, the combination of G3c and D665 treatment led 
to the expansion of CD4+CD25+Foxp3+ Tregs in the spleen 
and MLNs and LPLs of DSS-induced colitis mice (Fig. 4A, 
B). Cytotoxic T lymphocyte antigen 4 (CTLA-4) (also called 
CD152) is a key regulator of adaptive immune responses and 
an inhibitory relative of the T cell co-stimulatory molecule 
CD28, which has an immunoregulatory function of sup-
pressing the T cell response [36, 37]. Tregs and CTLA-4 have 
complementary and largely overlapping mechanisms of im-
mune tolerance, and Tregs commonly use CTLA-4 to effect 
suppression [19]. Our results showed that CD4+CD25+Foxp3+ 
Tregs significantly expressed CTLA-4 in both SPLs and 
MLNs, with increased CTLA-4 levels in LPLs, but there was 
no statistical significance (Fig. 4C, D), indicating that the 
combination therapy of G3c and D665 partly played a role 
in the treatment of colitis through Foxp3+ Tregs and CTLA-4.

Tr1 cells regulate responses of both naïve and memory 
T cells and control inflammasome activity in vivo and in 

Figure 5: G3c/D665 treatment increased the proportion of IL-10+IFN-g+Tr1 cells and IL-10+Foxp3- Tr1 cells in SPLs, MLNs, and LPLs. (A) A representative 
FCM analysis assessing the proportion of IL-10+IFN-g+ Tr1 and IL-10+Foxp3- Tr1 cells gated on CD4+ T cells among the SPLs, MLNs, and LPLs of the three 
groups. (B) The proportion of IL-10+IFN-g+ Tr1 cells and IL-10+Foxp3- Tr1 cells was significantly increased in the G3c/D665-treated group compared to the 
control group among SPLs, MLNs, and LPLs. Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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vitro, mainly through the secretion of the immunosuppres-
sive cytokine IL-10 [12]. IL-10 is an anti-inflammatory 
and immune regulatory cytokine that plays a key role in 
maintaining immune homeostasis in the gut environment 
[11, 38]. Furthermore, Tr1 cells have been reported to have 
a unique ability to promote the development of intestinal 
goblet cells and repair the epithelial cell barrier function, 
supporting their use as a cell-based therapy for modulating 
intestinal inflammation [11]. Previous studies have reported 
that D665 was able to induce the expansion of CD4+Foxp3+ 
Tregs in vivo, but it has not been reported to induce Tr1 
cells thus far [22, 34, 39]. The application of G3c following 
D665 in our study mediated the expansion of Tregs and the 
generation of a large number of Tr1 cells. Based on these 
findings, along with the evidence that aberrant Tregs func-
tion and dysregulated control of epithelial homeostasis in-
duce spontaneous intestinal inflammation in gene-knockout 
mice deficient for IL-10 [40], we hypothesized that Tr1 cells 
might have unique advantages over CD4+Foxp3+ Tregs in 
controlling colitis. Our studies showed that the combination 
of G3c and D665 induced the generation of large amounts 
of IL-10/IFN-γ-co-producing CD4+Foxp3- Tr1 cells in vivo, 
and the proliferation of Tr1 cells was much greater than 
that of CD4+CD25+Foxp3+ Tregs (Fig. 4). Human Tr1-like 

cells reportedly express the Eomes gene, a T-box transcrip-
tion factor that controls the cytotoxic functions of CD8+ 
CTLs and NK cells [41]. Another important transcriptional 
regulator, Prdm1, has also been shown to promote IL-10 
production by Tr1 cells [42]. We assessed the expression 
of these Tr1 cell-related TFs and found that the mRNA 
expression of the Prdm1 and Eomes genes was markedly 
upregulated in MLNs of the G3c/D665-treated group (Fig. 
6). A previous study revealed that Maf acted as a growth 
factor for Tr1 cell development and was critical for IL-10 
secretion since IL-27-induced Tr1 cell differentiation was 
defective in Maf−/− mice [43, 44]. The protein expression 
of Maf was significantly increased in the SPLs of the G3c/
D665-treated group, suggesting that G3c/D665 treatment 
may promote the generation of Tr1 cells through the Maf 
pathway.

In a clinical trial in 2006, CD28 superagonist (TGN1412) 
was reported to result in the instantaneous arrest and uncon-
trolled T cell activation with cytokine storm [45], but it was 
later clear that dose-reduction could preferentially address 
Tregs in humans [46]. The further development of CD28 
superagonist (TAB08) has been resumed and is now being 
evaluated in a phase II study. A previous study has reported 
that using D665 alone on DSS-induced colitis weakly induced 

Figure 6: G3c/D665 treatment altered the mRNA expression and protein levels of Tr1 cell-related genes. MLNs (A), SPLs (B) and colon tissues (C) were 
analyzed by qRT-PCR as described in the materials and methods. The mRNA expression of Tr1 cell-related genes, particularly Prdm1, IL-10, Eomes,  
and Ahr is shown. (D). A Western blot analysis of the Maf of the SPLs in the three group is shown. Data are expressed as the mean ± SD. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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the levels of IL-2 and IFN-γ in the spleen and colon but did 
not result in pathophysiologically relevant levels of cytokine 
storm [34]. we have not observed any signs of the disorders in 
the G3c/D665 treated mice with DSS-induced colitis.

Taken together, our data demonstrated that the combin-
ation of G3c and D665 treatment targets Tr1 cell generation 
in vivo to reduce the colon damage in DSS-induced mouse 
colitis by secreting a large amount of IL-10, maintaining and 
enhancing their regulatory functions (Fig. 7). This represents 
a major advance towards the therapeutic use of Tr1 cells as 
cellular therapy and supports the potential of the combin-
ation of G3c and D665 as a new auspicious therapeutic op-
tion for treating UC in the clinic. Furthermore, harnessing the 
suppressive potential of Tr1 cells may have important impli-
cations for cell therapy of autoimmune, autoinflammatory, 
and transplantation-related diseases.

Supplementary data
Supplementary data is available at Clinical and Experimental 
Immunology online.
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Figure 7: Immune mechanism of G3c/D665 in the treatment of UC. In UC, the intestinal barrier is disrupted, the mucosa is severely damaged, and the 
balance of intestinal microflora is dysregulated. In the colonic lamina propria, Th1 cells release many pro-inflammatory cytokines, such as IL-1β, TNF-α, 
IL-6, IL-12, and CCR-5, while Th17 cells release IL-17. The release of apoptotic factor, such as Bax, is also increased in UC. G3c and D665 treatment 
expands Tregs and Tr1 cells, thereby increasing the release of anti-inflammatory cytokines and decreasing the release of pro-inflammatory cytokines and 
apoptotic factors. Tregs release IL-10 and CTLA-4, while Tr1 cells release IL-10, Prdm1, Eomes, and Maf. After the administration of G3c and D665, the 
intestinal barrier is restored, mucosal damage is repaired, and colitis is improved.
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A Mesenchymal-epithelial transition 
factor-Agonistic Antibody Accelerates 
Cirrhotic Liver Regeneration and 
Improves Mouse Survival Following 
Partial Hepatectomy
Kuai Ma,1,2 Weitao Que,1 Xin Hu,1 Wen-Zhi Guo,3 Er-li Gu,2 Liang Zhong,4 Virginia Morello,5

Manuela Cazzanti,5 Paolo Michieli,5,6 Terumi Takahara,7 and Xiao-Kang Li1,3

1Division of Transplantation Immunology, National Research Institute for Child Health and Development, Tokyo, Japan; 
2Department of Gastroenterology and Hepatology, Jing’an District Central Hospital, Jing’an Branch of Huashan Hospital, Fudan 
University, Shanghai, China; 3Department of Hepatobiliary and Pancreatic Surgery, The First Affiliated Hospital of Zhengzhou 
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Small-for-size syndrome (SFSS) is a common complication following partial liver transplantation and extended hepatectomy.

SFSS is characterized by postoperative liver dysfunction caused by insufficient regenerative capacity and portal hyperperfusion

and is more frequent in patients with preexisting liver disease. We explored the effect of the Mesenchymal-epithelial transition

factor (MET)-agonistic antibody 71D6 on liver regeneration and functional recovery in a mouse model of SFSS. Male C57/

BL6 mice were exposed to repeated carbon tetrachloride injections for 10 weeks and then randomized into 2 arms receiving

3 mg/kg 71D6 or a control immunoglobulin G (IgG). At 2 days after the randomization, the mice were subjected to 70% he-

patectomy. Mouse survival was recorded up to 28 days after hepatectomy. Satellite animals were euthanized at different time

points to analyze liver regeneration, fibrosis, and inflammation. Serum 71D6 administration significantly decreased mouse

mortality consequent to insufficient regeneration of the cirrhotic liver. Analysis of liver specimens in satellite animals revealed

that 71D6 promoted powerful activation of the extracellular signal-regulated kinase pathway and accelerated liver regeneration,

characterized by increased liver-to-body weight, augmented mitotic index, and higher serum albumin levels. Moreover, 71D6

accelerated the resolution of hepatic fibrosis as measured by picrosirius red, desmin, and α–smooth muscle actin staining, and

suppressed liver infiltration by macrophages as measured by CD68 and F4/80 staining. Analysis of gene expression by reverse-

transcription polymerase chain reaction confirmed that 71D6 administration suppressed the expression of key profibrotic

genes, including platelet-derived growth factor, tissue inhibitor of metalloproteinase 3, and transforming growth factor-β1,

and of key proinflammatory genes, including tumor necrosis factor-α, interleukin-1β, chemokine (C-C motif ) ligand 3, and

chemokine (C-C motif ) ligand 5. These results suggest that activating the MET pathway via an hepatocyte growth factor–

mimetic antibody may be beneficial in patients with SFSS and possibly other types of acute and chronic liver disorders.

Liver Transplantation 0 1‒12 2021 AASLD.
Received April 12, 2021; accepted September 10, 2021.

Small-for-size syndrome (SFSS) is a common yet
underrecognized complication following partial liver

transplantation and extended hepatectomy.(1) It is char-
acterized by postoperative liver dysfunction caused by
insufficient regenerative capacity and portal hyperper-
fusion and is more frequent in patients with preexisting
liver disease.(2) Approximately one-third of liver trans-
plant recipients who develop early graft failure qualify
for SFSS. Small-for-size liver grafts show delayed and
impaired regeneration(3) and have greater risks of failure

MA ET AL.

Abbreviations: agomAbs, agonistic monoclonal antibodies; α-SMA,
α–smooth muscle actin; a.u., arbitrary units; CCL3, chemokine (C-C
motif ) ligand 3; CCl4, carbon tetrachloride; CCL5, chemokine (C-C
motif ) ligand 5; ELISA, enzyme-linked immunosorbent assay; ERK,
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including microcirculatory damage, inflammatory injury, 
and accelerated acute rejection, leading to liver failure 

with associated coagulopathy, ascites, prolonged cholesta-
sis, and encephalopathy. Because of the persistent organ 

shortage, living donor liver transplantation is becoming 

the most viable option for patients with end- stage liver 
disease. Donor safety always comes first in living donor 
liver transplantation, and there is a growing momentum 

for the increased use of small- for- size grafts in associa-
tion with hepato- regenerative therapies.(4,5)

Hepatocyte growth factor (HGF) is a pleiotropic 

cytokine of mesenchymal origin that plays a key role in 

organ regeneration.(6)
 Its high- affinity receptor, the MET 

tyrosine kinase, is mainly expressed by epithelial and endo-
thelial cells, but it is also present on some immune cells as 
well as in various types of myofibroblasts.(7)

 In the liver, 
HGF is typically secreted by hepatic stellate cells (HSCs) 
and plays a key role in hepatic regeneration. Following 

injury, increased HGF secretion initiates a repair program 

that limits cell damage, ensures hepatocyte regeneration, 
inhibits myofibroblast hyperproliferation, and suppresses 
inflammation, restoring liver function.(8)

Despite the broad therapeutic potential of HGF in 

liver diseases, its translation to the clinic has been chal-
lenging. In fact, HGF does not display ideal drug- like 

properties: its very short plasma half- life (a few min-
utes) causes an unfavorable pharmacokinetics because of 
its high avidity for the extracellular matrix, it has a poor 
biodistribution; it needs proteolytic activation to acquire 

biological activity, and once activated it is unstable; 
lastly, its industrial manufacture is difficult and costly. 
To overcome the limitations of HGF and to generate a 

drug that could effectively promote liver regeneration in 

patients, we generated a series of anti- MET agonistic 

monoclonal antibodies (“agomAbs”) that bind to MET 

at high affinity and determine MET activation, mim-
icking the biochemical and biological activity of HGF. 
AgomAbs combine the powerful therapeutic potential 
of HGF with the excellent pharmacokinetic, pharma-
codynamic, and manufacturing properties of antibodies.

In this study, we explored the therapeutic poten-
tial of 71D6, a fully agonistic anti- MET antibody 

that cross- reacts with rodent, nonhuman primate, and 

human MET in a mouse model of SFSS.

Materials and Methods
SERUM 71D6 ANTIBODY 
GENERATION AND 
CHARACTERIZATION
Serum 71D6 was generated by immunization of Llama 
glama using the SIMPLE antibody platform.(9)

 A de-
tailed description of its generation and characterization 

has been published previously.(10)
 Binding of 71D6 to 

MET and HGF- mediated and 71D6- mediated MET 

autophosphorylation and analysis of MET down-
stream signaling were performed as described.(10)

ANIMAL MODEL
Mouse procedures were authorized by the National 
Research Institute for Child Health and Development 

extracellular signal- regulated kinase; H & E, hematoxylin- eosin; HGF, 
hepatocyte growth factor; hMET, human mesenchymal- epithelial transition 

factor; HSCs, hepatic stellate cells; IgG, immunoglobulin G; IgG1, 
immunoglobulin G1; IL- 1β, interleukin- 1β; IP, intraperitoneally; IV, 
intravenously; mMET, mouse mesenchymal- epithelial transition factor; 
mRNA, messenger RNA; N/A, Not applicable; PCNA, proliferating cell 
nuclear antigen; PDGF, platelet- derived growth factor; PSR, picrosirius 
red; qRT- PCR, quantitative reverse- transcription polymerase chain 

reaction; RT- PCR, reverse- transcription polymerase chain reaction; 
SD, standard deviation; SFSS, small- for- size syndrome; TIMP3, tissue 
inhibitor of metalloproteinase 3; TNF- α, tumor necrosis factor- α.
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(permission no. A2014- 010- C06). The 8- week- old 

male C57BL/6JJmsSLc mice (Shizuoka Laboratory 

Animal Center, Shizuoka, Japan) were subjected to re-
peated subcutaneous injection of 10% carbon tetrachlo-
ride (CCl4; Wako) dissolved in olive oil (100 μL/mouse) 
twice a week for 10 weeks. On the day of the last CCl4 

administration, the mice were randomized into 2 arms 
receiving 3 mg/kg of 71D6 or a control antibody against 
the F glycoprotein of respiratory syncytial virus(11)

 (both 

in the mouse immunoglobulin G1 [IgG1] format). At 2 

days after randomization, all of the mice were subjected 

to 70% hepatectomy by removal of the anterior 2 lobes 
and posterior left lobe. The 71D6 or control IgG were 

administered intraperitoneally (IP) at a dose of 3 mg/kg 

2 days before hepatectomy and at days 0, 2, 4, 6, 8, 10, 
and 12. Mice recruited in the trial included main study 

animals and satellite animals. The spontaneous survival 
rate of the main study animals was recorded from days 
0 to 28. Satellite animals (3 mice per group) were eu-
thanized at 3, 7, and 28 days after hepatectomy. Serum 

and liver samples were stored at −80 .

SERUM BIOCHEMICAL 
MEASUREMENTS
Serum was collected from whole- blood samples after 
standing for 30 minutes at 37  and then centrifuged 

at 1800g for 25 minutes at 4 . Serum samples were 

then analyzed for serum albumin concentrations using 

a commercially available kit (Fujifilm) and an automatic 

biochemical analyzer (DRI- CHEM 3500i; Fujifilm) 
according to the manufacturer’s instructions. Serum 

HGF concentration was measured using the mouse/
rat HGF Quantikine enzyme- linked immunosorbent 
assay (ELISA) kit (R&D Systems). Serum 71D6 con-
centration was determined by ELISA as described.(10)

HISTOPATHOLOGICAL AND 
IMMUNOHISTOCHEMICAL 
EXAMINATION
Both the liver portion extracted at the time of hepatec-
tomy and that collected at autopsy were processed for 
histopathological examination. Liver tissues were fixed 

in 10% formalin for 48 hours, routinely processed, and 

sliced into sections of 4 μm in thickness. For detection 

of liver fibrosis, sections were stained with picrosirius 
red (PSR; Sigma- Aldrich), anti– α- smooth muscle 

actin (α- SMA) antibodies (AbCam) and anti- desmin 

antibodies (Boehringer). For detection of macrophage 

infiltration, sections were stained with antibodies against 
CD68 (AbCam) and F4/80 (AbCam). For detection 

of liver proliferation, sections were stained with anti– 
proliferating cell nuclear antigen (PCNA) antibodies 
(Dako). Sections were also stained with hematoxylin- 
eosin (H & E) and periodic acid– Schiff (both from 

Sigma- Aldrich). After staining, specimens were pho-
tographed under a microscope (Olympus). Histological 
and immunohistochemical results were quantified using 

WinRoof 7.4 software (Mitani Corporation).

TOTAL MESSENGER 
RNA PREPARATION AND 
QUANTITATIVE REVERSE- 
TRANSCRIPTION POLYMERASE 
CHAIN REACTION ANALYSIS
Total messenger RNA (mRNA) was extracted from 

frozen liver tissues using RNeasy Mini Kit (Qiagen). 
Each 0.8 μg aliquot of mRNA was reverse transcribed 

to complementary DNA using a Prime Script reverse- 
transcription (RT) reagent kit (RR037A; Takara). 
Quantitative reverse- transcription polymerase chain reac-
tion (qRT- PCR) was performed using the SYBR Green 

system or the primer/probe set system (primer sequences 
are listed in Table 1) the Applied Biosystem PRISM7900 

apparatus (Thermo Fisher Scientific) is a machine which 

is used to do RT- PCR. The PCR cycle conditions for 
the SYBR Green system were 95  for 3 minutes, 45 

cycles of 95  for 3 seconds, and 60  for 30 seconds. 
The PCR cycle conditions for the primer/probe set sys-
tem were 50  for 2 minutes, 95  for 15 minutes, 40 

cycles of 95  for 30 seconds, 60  for 1 minute, and 

25  for 2  minutes. The comparative threshold cycle 

(ΔΔCt) method was used for determining relative gene 

expression, and the results of target genes (including 

fibrosis- related genes and inflammation- related genes) 
were normalized by subtracting 18S expression values.

IN VIVO ANALYSIS OF 
EXTRACELLULAR SIGNAL- 
REGULATED KINASE ACTIVATION
Frozen liver tissue was homogenized in radio immu-
noprecipitation assay buffer containing 1% protease 

inhibitor cocktail- 1 and 1% protease inhibitor cock-
tail- 2 (Sigma- Aldrich) followed by centrifugation in a 

microfuge at top speed for 30 minutes. Protein concen-
trations were assayed using a Protein Assay kit (Bio- 
Rad). Samples were separated by electrophoresis on 
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10% polyacrylamide gels and transferred to Immobilon 

(Bio- Rad) polyvinylidene fluoride. After brief incuba-
tion with 5% nonfat milk to block nonspecific binding, 
membranes were exposed overnight at 4  to specific 

phosphorylated anti- p44/p42 extracellular signal- 
regulated kinase (ERK) antibodies (Cell Signaling 

Technology). Membranes were washed and exposed 

to alkaline phosphatase- conjugated secondary anti-
bodies and visualized by incubation in 5% nonfat milk. 
Phosphorylated p44/p42 ERK activity was quantified 

by laser densitometric analysis of the radiographic film 

using ImageJ software (National Institutes of Health, 
Bethesda, MD).

STATISTICAL ANALYSIS
Prism7 software (GraphPad, San Diego, CA) was used 

to calculate statistical significance. A 2- way analysis of 
variance method and Student t test method were used 

for comparisons between groups. Survival rate analy-
sis was performed using a log- rank (Cox- Mantel) test. 
Data are expressed as mean ± standard deviation (SD). 
A value of P < 0.05 was considered to be statistically 

significant.

Results
SERUM 71D6 BINDS TO MET AT 
HIGH AFFINITY AND PROMOTES 
MET ACTIVATION, MIMICKING HGF
HGF- mimetic, agonistic anti- MET antibodies were 

generated by immunization of L. glama using the 

SIMPLE antibody platform.(9)
 Their biochemical 

and biological characterizations have been published 

previously.(10)
 Among these molecules, which include 

both partial and full agonists of MET, serum 71D6 

represents the most potent fully agonistic antibody. 
Serum 71D6 was produced as a chimera between vari-
able llama regions and human or mouse IgG1/λ con-
stant regions. Serum 71D6 bound to either the human 

MET (hMET) or mouse MET (mMET) extracellular 
domain with the concentration for 50% of maximal ef-
fect in the picomolar range (Fig. 1A). Stimulation of 
immortalized mouse liver cells with 71D6 or HGF re-
sulted in a similar dose- dependent activation of MET 

and of its downstream signaling (Fig.  1B). An over-
lapping pattern of MET activation and signaling was 
observed in MET- expressing human epithelial cells of 
various origin (not shown).

SYSTEMIC 71D6 ADMINISTRATION 
RESULTS IN BIOLOGICALLY 
SIGNIFICANT PLASMA LEVELS
The pharmacokinetic properties of 71D6 were tested 

in various mouse strains using various routes of ad-
ministration. In all studies, increasing doses of the 

antibody were delivered as a single bolus, and anti-
body levels in plasma were determined at different 
time points using a MET- based ELISA assay. Table 2 

shows the results obtained in a representative study 

conducted by IP injection. Serum 71D6 concentration 

reached a peak 8 hours after injection (65 nM at 1 mg/
kg and 2638 nM at 30 mg/kg). After 2 days, plasma 

71D6 levels showed only a minor deflection (38 nM 

at 1 mg/kg and 2466 nM at 30 mg/kg). After 8 days, 
all dose levels except the lowest were still detectable 

TABLE 1. Primers and Probes Used in This Study

Genes (PCR) Forward (5 –3 ) Reverse (5 – 3 ) Probe

TIMP3 (SYBR Green) CACAAAGTTGCACAGTCCTG TTTGTCGCCTCAAGCTAGA N/A

PDGF (SYBR Green) TACAGTTGCACTCCCAGGAAT CTTCCAGTTGACAGTTCCGCA N/A

TGF- β (SYBR Green) ATCCTGTCCAAACTAAGGCTCG ACCTCTTTAGCATAGTAGTCCGC N/A

TNF- α (SYBR Green) AAGCCTGTAGCCCACGTCGTA GGCACCACTAGTTGGTTGTCTTTG N/A

CCL5 (SYBR Green) TGCCCTCACCATCATCCTCACT GGCGGTTCCTTCGAGTGACA N/A

IL- 1β (SYBR Green) ACCTTCCAGGATGAGGACATGA AACGTCACACACCAGCAGGTTA N/A

18S (SYBR Green) ATGAGTCCACTTTAAATCCTTTAACGA CTTTAATATACGCTATTGGAGCTGGAA N/A

CCL3 (Taqman) ACCCAGGTCTCTTTGGAGTCAGCGCA TCCCAGCCAGGTGTCATTTTC AGGCATTCAGTTCCAGGTCAG
18S (Taqman) ATCCATTGGAGGGCAAGTCTGGTGC ATGAGTCCACTTTAAATCCTTTAACGA CTTTAATATACGCTATTGGAGGCTGGAA

NOTE: Liver- specific expression of profibrotic and proinflammatory genes determined by SYBR green PCR or Taqman PCR as indi-
cated in the table. N/A, Not applicable.
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and well in the nanomolar range. Based on these data, 
the mean plasma half- life of 71D6 corresponded to 

approximately 5  days (note that recombinant HGF 

has a half- life of a few minutes in both rodents(12)
 

and humans).(13)
 Considering that in normal, healthy 

mice endogenous HGF plasma levels range from 1 to 

10 pM(14)
 and that in the MET phosphorylation as-

says shown in Fig. 1B both HGF and 71D6 reached 

saturation at about 10 nM, the concentrations reached 

following IP injections of 71D6 shown in Table 2 are 

certainly relevant from a biologic viewpoint.

SERUM 71D6 DISPLAYS A POTENT 
HEPATOTROPHIC ACTIVITY IN 
MICE
The biological effects of 71D6 administration were 

compared with those of recombinant HGF in vivo. In 

a first experiment, a single bolus of 1 mg/kg of either 
71D6 or HGF was administered intravenously (IV) 
to adult Balb- c mice. Liver- to- body weight ratio and 

serum albumin levels were measured 4 and 10  days 
later. As shown in Fig.  2A, 71D6 administration re-
sulted in a marked increase in liver weight both at day 

4 (91%) and at day 10 (42%). In contrast, recombinant 
HGF administration promoted only a minor increase 

in liver weight (20% at day 4 and 0% at day 10). Serum 

albumin levels, expression of the synthetic activity of 
the liver, were invariably higher in the 71D6- treated 

mice, confirming the superior potency of the antibody. 
In a second experiment, we aimed at compensating 

the shorter half- life of HGF with more frequent ad-
ministration. Because of the challenge of IV injecting 

the same animals multiple times, IP injection was pre-
ferred. Mice were injected IP with either a single bolus 
of 1 mg/kg 71D6 or with 1 mg/kg recombinant HGF 

every 12 hours for 5 days. Mice were euthanized at day 

6 and subjected to the same analysis as noted previously. 
Even when administered more frequently, HGF could 

not match the potent hepatotrophic activity of 71D6. In 

fact, mice injected with a single bolus of 71D6 displayed 

a 70% larger liver compared with controls, whereas an-
imals injected repeatedly with HGF showed a modest 
10% increase in liver weight (Fig. 2B). Similarly, 71D6 

injection resulted in 121% higher albumin levels com-
pared with controls, whereas HGF injection increased 

serum albumin secretion by 52%. Therefore, 71D6 elic-
its a significantly more potent hepatotrophic effect in 

mice compared with recombinant HGF.

SERUM 71D6 PROMOTES LIVER 
REGENERATION AND INCREASES 
SURVIVAL IN MICE UNDERGOING 
CCl4 INJURY AND PARTIAL 
HEPATECTOMY
Prompted by the previous results, we evaluated the 

therapeutic effect of 71D6 on liver regeneration in a 

FIG. 1. 71D6 binds to MET at high affinity and elicits MET 

activation and downstream signaling, mimicking HGF function. 
(A) 71D6 binding to hMET or mMET extracellular domain was 
analyzed by ELISA (a.u.). (B) MET activation and downstream 

signaling induced by HGF or 71D6 was studied in human mouse 

MLP29 liver precursor cells. Cell lysates were analyzed by Western 

blotting using antibodies specific for the phosphorylated forms 
of MET, ERK, and AKT (pMET, pERK and pAKT) as well as 
antibodies against total MET, ERK, and AKT.

B

A

-4 -3 -2 -1 0 1 2
0

1

2

3

4

Binding to MET Extracellular Domain

71D6 Concentration (nM)

O
D

45
0 

nm
 (a

.u
.) hMET

mMET

-240-



MA ET AL. LIVER TRANSPLANTATION,  Month 2021

6 | ORIGINAL ARTICLE

mouse model of SFSS. This model reproduces the im-
paired regenerative capacity of the liver in patients with 

cirrhosis or other hepatic diseases. Mice were subjected 

to chronic CCl4 intoxication for 10  weeks and then 

randomized into 2 arms receiving either 3 mg/kg 71D6 

or a control IgG1. At 3 days after randomization, all 
mice were subjected to 70% hepatectomy. Mouse sur-
vival was recorded up to 28  days after hepatectomy. 

TABLE 2. Pharmacokinetic Properties of 71D6

Dose (mg/kg) Maximum Concentration (nM) Day 2 Concentration (nM) Day 8 Concentration (nM)

1 65 ± 3 38 ± 6 0 ± 0

3 271 ± 56 249 ± 70 17 ± 12

10 1265 ± 270 1062 ± 114 257 ± 27
30 2638 ± 327 2466 ± 494 446 ± 45

NOTE: 71D6 concentration in plasma was determined at different time points following IP injection of different dose levels of antibody 

as a single bolus. Values represent the mean ± standard deviation of at least 3 biological replicates.

FIG. 2. 71D6 displays a potent hepatotrophic activity in mice. (A) A single 1 mg/kg bolus of 71D6 or human recombinant HGF was 
injected IV into adult Balb- c mice, and the liver- to- body weight and serum albumin levels were determined 4 and 8 days afterward. (B) A 

single 1 mg/kg bolus of 71D6 or multiple doses (10 over 5 days) of 1 mg/kg recombinant human HGF were injected IP into adult Balb- c 

mice. Liver- to- body weight and serum albumin levels were determined 6 days after the first injection. Black represents control group. Red 

represents HGF group. Blue represents 71D6 group.
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Satellite animals were euthanized at different time 

points to analyze liver regeneration, fibrosis, and in-
flammation. This hepatectomy model typically presents 
high mortality within 4 days after surgery. Remarkably, 
the survival rate observed in the 71D6- treated group 

was significantly higher than that observed in the con-
trol group (P  =  0.03). Although only 5 of 24 mice 

(21%) in the control group survived for 28 days after 
hepatectomy, 7 of 13 71D6- treated mice (54%) were 

alive at the end of the experiment (Fig. 3A). As shown 

in Fig. 3B, 71D6 also accelerated body weight recovery 

following surgery compared with controls (P < 0.001). 
Liver weight was also evaluated upon autopsy of sat-
ellite animals at various time intervals. As shown in 

Fig. 3C, 71D6 significantly increased the liver- to- body 

weight ratio at most time points analyzed (days 1 and 

3, P < 0.05; day 7, nonsignificant; day 28, P < 0.001). 

Consistent with these findings, serum albumin levels in 

71D6- treated animals increased (Fig. 3D) and showed 

a significant difference with the control group start-
ing on day 7 (P < 0.01) and reaching a peak on day 28 

(P < 0.01). These data indicate that 71D6 treatment 
promotes liver regeneration and accelerates recovery of 
liver function after partial hepatectomy.

SERUM 71D6 PROMOTES HEPATIC 
PROLIFERATION FOLLOWING 
HEPATECTOMY THROUGH 
ACTIVATION OF THE ERK 
SIGNALING PATHWAY
Hepatocyte proliferation following hepatectomy was 
assessed by staining liver sections with anti- PCNA 

FIG. 3. 71D6 promotes liver regeneration and increases survival in mice undergoing CCl4 injury and partial hepatectomy. (A) Kaplan- 
Meier curve analysis of mouse survival (P = 0.03). (B) Body weight change over time (mean ± SD) (P < 0.001). (C) Liver- to- body 

weight over time (days 1 and 3, P < 0.05; day 7, nonsignificant; day 28, P < 0.001). (D) Serum albumin levels over time (days 1 and 3, 
nonsignificant; day 7, P < 0.01; day 28, P < 0.01).
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antibodies. As shown in Fig.  4A, the number of 
PCNA- positive cells was higher in the 71D6- treated 

group starting at day 3 and peaking at day 28. To fur-
ther characterize 71D6- induced liver proliferation, we 

analyzed the expression and activation of p44 ERK1 

and p42 ERK2, a key event in the postinjury liver re-
generation program.(15)

 This analysis revealed that 
71D6 significantly increased the levels of phosphory-
lated (activated) ERK1/2 on both day 3 and day 28 fol-
lowing hepatectomy (Fig. 4B). Activation of ERK1/2 

directly correlated with PCNA expression, suggesting 

that 71D6 stimulates activation of ERK1/2 in the rem-
nant liver, resulting in accelerated hepatic regeneration. 
Notably, however, no ERK1/2 activation was detected 

in control animals despite hepatectomy typically induc-
ing spontaneous liver regeneration within a few days. 
This could be attributed to, and is consistent with, the 

impaired regenerative capacity of a cirrhotic liver. To 

cast light onto the mechanism underlying this regen-
erative impairment, we analyzed serum HGF levels in 

posthepatectomy mice as well as in healthy, naïve ani-
mals. This analysis revealed that posthepatectomy mice 

treated with the control IgG protein displayed only a 

marginal increase in HGF levels compared with naïve 

mice (Fig. 3C). Interestingly, serum HGF levels were 

slightly higher in the 71D6 group, probably because 

of larger liver mass and/or increased hepatic function. 
In any case, serum HGF levels were confined to the 

picomolar range, whereas 71D6 levels measured in the 

same samples remained well above MET saturating 

levels for the entire duration of the study (full activa-
tion of MET is reached with 10  nM 71D6). These 

results explain the absence of ERK activation and the 

poor liver regeneration observed in the control group 

on one hand and justify the superior regenerative abil-
ity of the animals treated with 71D6 on the other hand.

SERUM 71D6 AMELIORATES 
HEPATIC FIBROSIS AFTER 
PARTIAL HEPATECTOMY ON 
CIRRHOTIC BACKGROUND
Sections of livers harvested from satellite animals were 

stained with H & E, PSR, and antibodies against 

FIG. 4. 71D6 promotes hepatic proliferation following hepatectomy of cirrhotic mice through activation of the ERK signaling pathway. 
(A) Hepatic proliferation is expressed as the number of PCNA- positive cells per liver section analyzed. Representative images are shown 

below the graph. The bar is 250 μM. (B) The levels of phosphorylated and total ERK1/2 (p44/p42) were determined by Western blot 
analysis of liver samples. The ratio between phosphorylated ERK1/2 and total ERK1/2 was determined by densitometric analysis. (C) 
Serum HGF levels in mice of the control and 71D6 groups as well as in healthy, naïve animals were determined by ELISA. (D) Serum 

71D6 levels in mice of the 71D6 group were determined by ELISA.
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desmin or α- SMA. Liver specimens of the control 
group showed consistent formation of thin fibrotic 

septa at the portal and central areas on day 3. Although 

milder, fibrosis was still present at day 28. Control 
liver sections also displayed high density of myofi-
broblasts. In contrast, liver specimens of the 71D6 

group showed significantly milder signs of fibrosis and 

a reduced presence of myofibroblasts already at day 

3. Liver fibrosis was quantified and expressed as the 

percentage of PSR- positive area (Fig. 5A), number of 
desmin- positive cells (Fig. 5B), and percentage of α- 
SMA– positive area (Fig.  5C). To further strengthen 

these results, the expression of fibrosis- related genes 
was analyzed by quantitative RT- PCR. This analysis 
revealed that 71D6 significantly reduced mRNA ex-
pression of platelet- derived growth factor (PDGF), 
tissue inhibitor of metalloproteinase 3 (TIMP3), and 

transforming growth factor β1 (TGF- β1), which are 

involved in collagen deposition and activation of HSCs 
(Fig. 5D). Together, these results suggest that in mice 

subjected to CCl4 treatment and partial hepatectomy, 

the agonistic anti- MET antibody 71D6 effectively ac-
celerates the regression of hepatic fibrosis by inhibiting 

the activation of multiple fibrogenic pathways.

SERUM 71D6 REDUCES 
MACROPHAGE INFILTRATION IN 
THE REGENERATING LIVER
Liver specimens extracted at autopsy were analyzed by 

immunohistochemistry using antibodies against F4/80 

and CD68. The number of cells positive for F4/80 

(P < 0.05; Fig. 6A) and CD68 (P < 0.0001; Fig. 6B) 
was significantly lower in the 71D6 group compared 

with the control group on day 28. Consistent with 

histological findings, mRNA levels of inflammatory 

cytokine genes (tumor necrosis factor α [TNF- α], in-
terleukin 1β [IL1β], chemokine [C- C motif ] ligand 

3 [CCL3], and chemokine [C- C motif ] ligand 5 

[CCL5]) were significantly lower in the liver homog-
enates of 71D6- treated mice compared with control 
mice on day 28 (P < 0.05; Fig. 6C).

FIG. 5. 71D6 ameliorates hepatic fibrosis after partial hepatectomy on cirrhotic background. (A) Liver sections were stained with PSR. 
Data are expressed as percentage of PSR- positive area. (B) Liver sections were stained with anti- desmin antibodies. Data are expressed as 
number of desmin- positive cells per section analyzed. (C) Liver sections were stained with anti– α- SMA antibodies. Data are expressed 

as percentage of α- SMA– positive area. (D) Liver specimens were analyzed by RT- PCR to determine the levels of PDGF, TGF- β1, and 

TIMP3 expression. Data are expressed as a.u.
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Discussion
Liver failure is prone to occur after liver transplantation 

or extended resection when the size and function of the 

remnant liver is unable to meet the metabolic demand 

of the patient. SFSS limits the use of living donor and 

split- liver transplants, and lifesaving large resections 
of tumors or nonmalignant lesions may be limited by 

concerns of postsurgical liver failure. Furthermore, 
SFSS is analogous to end- stage liver disease where the 

functional liver mass no longer meets metabolic de-
mand. Therefore, there is a major need for effective 

therapies capable of enhancing and accelerating liver 
regeneration.

Most studies evaluating regenerative therapies take 

advantage of the 70% hepatectomy model in mice 

or rats. In this model, 70% of the liver, usually the 

median and left lateral lobes, is surgically removed. 
In response to this, the remnant liver enlarges until 
it restores normal mass and function. Although the 

liver has a remarkable potential for regeneration, this 
regenerative capacity becomes impaired with serious 

liver fibrosis.(16)
 The transition of quiescent HSCs to 

activated, scar- forming, myofibroblast- like cells leads 
to excessive extracellular matrix synthesis.(17,18)

 This 
abnormal scar formation in the liver has been shown 

to hold back hepatocyte proliferation. In the present 
study, we studied a newly developed agonistic anti- 
MET antibody that increased hepatocyte proliferation 

after partial hepatectomy in mice with CCl4- induced 

liver disease.
Following 70% hepatectomy, both hepatocytes and 

nonparenchymal cells are activated and integrate mul-
tiple signals originating from immune, hormonal, and 

metabolic networks to induce liver regeneration.(19)
 

Within this process, the activation of HGF/MET 

signaling pathway has been demonstrated to be 1 of 
the essential mechanisms that lead hepatocytes into 

the cell cycle after hepatectomy.(20)
 Following resec-

tion, HGF protein levels in plasma typically rise,(21)
 

but liver fibrosis is known to prevent this process. The 

lack of HGF induction on a cirrhotic background was 
fully confirmed in our study (Fig. 4C). To circumvent 
defective endogenous HGF activation, we employed 

FIG. 6. 71D6 reduces macrophage infiltration in the regenerating liver. (A) Liver sections were stained with anti- F4/80 antibodies. Data 

are expressed as number of F4/80- positive cells per section analyzed. (B) Liver sections were stained with anti- CD68 antibodies. Data are 

expressed as number of CD68- positive cells per section analyzed. (C) Liver specimens were analyzed by RT- PCR to determine the levels 
of TNF- α, IL1β, CCL3, and CCL5 expression. Data are expressed as a.u.
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the 71D6 agonistic anti- MET antibody. When bound 

by 71D6, the MET receptor dimerizes and becomes 
phosphorylated on tyrosine residues to initiate MET 

downstream signaling (Fig. 1).
The results presented here indicate that liver- to- 

body weight ratio increased very slowly in the control 
group, whereas it increased markedly and constantly in 

the 71D6- treated group (Fig.  3). Quantitative anal-
ysis of PCNA immunostaining also confirmed that 
the agonistic anti- MET antibody potently promotes 
hepatocyte proliferation (Fig. 4A). We also clarified the 

involvement of the ERK1/2 signaling pathway in this 
hepato- proliferative effect. It is known that the Ras/
Raf/MEK/ERK cascade has the ability to lead to cel-
lular responses, including proliferation. The ERK1/2 

signaling pathway can also regulate the hepatocyte pro-
liferative response during the regeneration of normal 
liver.(22)

 Our Western blot results showed that 71D6 

strongly activated ERK p44/p42, closely reflecting the 

high levels of PCNA expression (Fig. 4B). Our results 
clearly show that 71D6 has the ability to mimic HGF 

signaling in vivo, including activation of downstream 

kinases and promotion of hepatocyte proliferation. 
However, in contrast to HGF, 71D6 is very stable in 

vivo (Table 2) and displays superior pharmacodynamic 

properties (Fig. 2). These results highlight the thera-
peutic potential of 71D6 in liver regeneration.

Liver fibrosis is an inadequate wound- healing 

response to chronic liver injury and is characterized 

by the excessive deposition and reduced degradation 

of the extracellular matrix. Excessive accumulation of 
extracellular matrix alters the hepatic architecture to 

progress to liver fibrosis, and if not prevented it may 

eventually lead to cirrhosis and even liver cancer. Our 
study provides evidence that 71D6 treatment leads to 

a significantly lower degree of collagen, desmin, and 

α- SMA compared with controls (Fig. 5A,B). This is 
explained by the direct inhibition of multiple fibro-
genic pathways including those controlled by PDGF, 
TIMP3, and TGF- β1 (Fig. 5C). These data support 
the hypothesis that 71D6 has the ability to antago-
nize TGF- β1 directly so as to reduce liver fibrosis and 

improve liver regeneration.(23)

Furthermore, our study showed that 71D6 also 

inhibited the infiltration of inflammatory cells into the 

liver. In fact, the number of F4/80- positive and CD68- 
positive cells in the 71D6 group was significantly lower 
than that observed in the control group (Fig. 6A,B). 
Consistent with these findings, qRT- PCR analy-
sis revealed that the expressions of proinflammatory 

cytokines and chemokines such as TNF- α, IL1β, 
CCL3, and CCL5 were much lower in the liver 
homogenates of 71D6- treated mice compared with 

control animals (Fig. 6C).
Thus, not only does 71D6 overcome the inability of 

a cirrhotic liver to regenerate following hepatectomy, 
but it also achieves faster resolution of fibrosis and 

the effective suppression of inflammation. Together, 
these results suggest that activating the MET pathway 

via an HGF- mimetic antibody may be beneficial in 

patients with SFSS and possibly other types of acute 

and chronic liver disorders.
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Partial Hepatectomy
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Small-for-size syndrome (SFSS) is a common complication following partial liver transplantation and extended hepatectomy.

SFSS is characterized by postoperative liver dysfunction caused by insufficient regenerative capacity and portal hyperperfusion

and is more frequent in patients with preexisting liver disease. We explored the effect of the Mesenchymal-epithelial transition

factor (MET)-agonistic antibody 71D6 on liver regeneration and functional recovery in a mouse model of SFSS. Male C57/

BL6 mice were exposed to repeated carbon tetrachloride injections for 10 weeks and then randomized into 2 arms receiving

3 mg/kg 71D6 or a control immunoglobulin G (IgG). At 2 days after the randomization, the mice were subjected to 70% he-

patectomy. Mouse survival was recorded up to 28 days after hepatectomy. Satellite animals were euthanized at different time

points to analyze liver regeneration, fibrosis, and inflammation. Serum 71D6 administration significantly decreased mouse

mortality consequent to insufficient regeneration of the cirrhotic liver. Analysis of liver specimens in satellite animals revealed

that 71D6 promoted powerful activation of the extracellular signal-regulated kinase pathway and accelerated liver regeneration,

characterized by increased liver-to-body weight, augmented mitotic index, and higher serum albumin levels. Moreover, 71D6

accelerated the resolution of hepatic fibrosis as measured by picrosirius red, desmin, and α–smooth muscle actin staining, and

suppressed liver infiltration by macrophages as measured by CD68 and F4/80 staining. Analysis of gene expression by reverse-

transcription polymerase chain reaction confirmed that 71D6 administration suppressed the expression of key profibrotic

genes, including platelet-derived growth factor, tissue inhibitor of metalloproteinase 3, and transforming growth factor-β1,

and of key proinflammatory genes, including tumor necrosis factor-α, interleukin-1β, chemokine (C-C motif ) ligand 3, and

chemokine (C-C motif ) ligand 5. These results suggest that activating the MET pathway via an hepatocyte growth factor–

mimetic antibody may be beneficial in patients with SFSS and possibly other types of acute and chronic liver disorders.

Liver Transplantation 0 1‒12 2021 AASLD.
Received April 12, 2021; accepted September 10, 2021.

Small-for-size syndrome (SFSS) is a common yet
underrecognized complication following partial liver

transplantation and extended hepatectomy.(1) It is char-
acterized by postoperative liver dysfunction caused by
insufficient regenerative capacity and portal hyperper-
fusion and is more frequent in patients with preexisting
liver disease.(2) Approximately one-third of liver trans-
plant recipients who develop early graft failure qualify
for SFSS. Small-for-size liver grafts show delayed and
impaired regeneration(3) and have greater risks of failure

MA ET AL.

Abbreviations: agomAbs, agonistic monoclonal antibodies; α-SMA,
α–smooth muscle actin; a.u., arbitrary units; CCL3, chemokine (C-C
motif ) ligand 3; CCl4, carbon tetrachloride; CCL5, chemokine (C-C
motif ) ligand 5; ELISA, enzyme-linked immunosorbent assay; ERK,
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including microcirculatory damage, inflammatory injury, 
and accelerated acute rejection, leading to liver failure 

with associated coagulopathy, ascites, prolonged cholesta-
sis, and encephalopathy. Because of the persistent organ 

shortage, living donor liver transplantation is becoming 

the most viable option for patients with end- stage liver 
disease. Donor safety always comes first in living donor 
liver transplantation, and there is a growing momentum 

for the increased use of small- for- size grafts in associa-
tion with hepato- regenerative therapies.(4,5)

Hepatocyte growth factor (HGF) is a pleiotropic 

cytokine of mesenchymal origin that plays a key role in 

organ regeneration.(6)
 Its high- affinity receptor, the MET 

tyrosine kinase, is mainly expressed by epithelial and endo-
thelial cells, but it is also present on some immune cells as 
well as in various types of myofibroblasts.(7)

 In the liver, 
HGF is typically secreted by hepatic stellate cells (HSCs) 
and plays a key role in hepatic regeneration. Following 

injury, increased HGF secretion initiates a repair program 

that limits cell damage, ensures hepatocyte regeneration, 
inhibits myofibroblast hyperproliferation, and suppresses 
inflammation, restoring liver function.(8)

Despite the broad therapeutic potential of HGF in 

liver diseases, its translation to the clinic has been chal-
lenging. In fact, HGF does not display ideal drug- like 

properties: its very short plasma half- life (a few min-
utes) causes an unfavorable pharmacokinetics because of 
its high avidity for the extracellular matrix, it has a poor 
biodistribution; it needs proteolytic activation to acquire 

biological activity, and once activated it is unstable; 
lastly, its industrial manufacture is difficult and costly. 
To overcome the limitations of HGF and to generate a 

drug that could effectively promote liver regeneration in 

patients, we generated a series of anti- MET agonistic 

monoclonal antibodies (“agomAbs”) that bind to MET 

at high affinity and determine MET activation, mim-
icking the biochemical and biological activity of HGF. 
AgomAbs combine the powerful therapeutic potential 
of HGF with the excellent pharmacokinetic, pharma-
codynamic, and manufacturing properties of antibodies.

In this study, we explored the therapeutic poten-
tial of 71D6, a fully agonistic anti- MET antibody 

that cross- reacts with rodent, nonhuman primate, and 

human MET in a mouse model of SFSS.

Materials and Methods
SERUM 71D6 ANTIBODY 
GENERATION AND 
CHARACTERIZATION
Serum 71D6 was generated by immunization of Llama 
glama using the SIMPLE antibody platform.(9)

 A de-
tailed description of its generation and characterization 

has been published previously.(10)
 Binding of 71D6 to 

MET and HGF- mediated and 71D6- mediated MET 

autophosphorylation and analysis of MET down-
stream signaling were performed as described.(10)

ANIMAL MODEL
Mouse procedures were authorized by the National 
Research Institute for Child Health and Development 

extracellular signal- regulated kinase; H & E, hematoxylin- eosin; HGF, 
hepatocyte growth factor; hMET, human mesenchymal- epithelial transition 
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immunoglobulin G1; IL- 1β, interleukin- 1β; IP, intraperitoneally; IV, 
intravenously; mMET, mouse mesenchymal- epithelial transition factor; 
mRNA, messenger RNA; N/A, Not applicable; PCNA, proliferating cell 
nuclear antigen; PDGF, platelet- derived growth factor; PSR, picrosirius 
red; qRT- PCR, quantitative reverse- transcription polymerase chain 
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inhibitor of metalloproteinase 3; TNF- α, tumor necrosis factor- α.
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(permission no. A2014- 010- C06). The 8- week- old 

male C57BL/6JJmsSLc mice (Shizuoka Laboratory 

Animal Center, Shizuoka, Japan) were subjected to re-
peated subcutaneous injection of 10% carbon tetrachlo-
ride (CCl4; Wako) dissolved in olive oil (100 μL/mouse) 
twice a week for 10 weeks. On the day of the last CCl4 

administration, the mice were randomized into 2 arms 
receiving 3 mg/kg of 71D6 or a control antibody against 
the F glycoprotein of respiratory syncytial virus(11)

 (both 

in the mouse immunoglobulin G1 [IgG1] format). At 2 

days after randomization, all of the mice were subjected 

to 70% hepatectomy by removal of the anterior 2 lobes 
and posterior left lobe. The 71D6 or control IgG were 

administered intraperitoneally (IP) at a dose of 3 mg/kg 

2 days before hepatectomy and at days 0, 2, 4, 6, 8, 10, 
and 12. Mice recruited in the trial included main study 

animals and satellite animals. The spontaneous survival 
rate of the main study animals was recorded from days 
0 to 28. Satellite animals (3 mice per group) were eu-
thanized at 3, 7, and 28 days after hepatectomy. Serum 

and liver samples were stored at −80 .

SERUM BIOCHEMICAL 
MEASUREMENTS
Serum was collected from whole- blood samples after 
standing for 30 minutes at 37  and then centrifuged 

at 1800g for 25 minutes at 4 . Serum samples were 

then analyzed for serum albumin concentrations using 

a commercially available kit (Fujifilm) and an automatic 

biochemical analyzer (DRI- CHEM 3500i; Fujifilm) 
according to the manufacturer’s instructions. Serum 

HGF concentration was measured using the mouse/
rat HGF Quantikine enzyme- linked immunosorbent 
assay (ELISA) kit (R&D Systems). Serum 71D6 con-
centration was determined by ELISA as described.(10)

HISTOPATHOLOGICAL AND 
IMMUNOHISTOCHEMICAL 
EXAMINATION
Both the liver portion extracted at the time of hepatec-
tomy and that collected at autopsy were processed for 
histopathological examination. Liver tissues were fixed 

in 10% formalin for 48 hours, routinely processed, and 

sliced into sections of 4 μm in thickness. For detection 

of liver fibrosis, sections were stained with picrosirius 
red (PSR; Sigma- Aldrich), anti– α- smooth muscle 

actin (α- SMA) antibodies (AbCam) and anti- desmin 

antibodies (Boehringer). For detection of macrophage 

infiltration, sections were stained with antibodies against 
CD68 (AbCam) and F4/80 (AbCam). For detection 

of liver proliferation, sections were stained with anti– 
proliferating cell nuclear antigen (PCNA) antibodies 
(Dako). Sections were also stained with hematoxylin- 
eosin (H & E) and periodic acid– Schiff (both from 

Sigma- Aldrich). After staining, specimens were pho-
tographed under a microscope (Olympus). Histological 
and immunohistochemical results were quantified using 

WinRoof 7.4 software (Mitani Corporation).

TOTAL MESSENGER 
RNA PREPARATION AND 
QUANTITATIVE REVERSE- 
TRANSCRIPTION POLYMERASE 
CHAIN REACTION ANALYSIS
Total messenger RNA (mRNA) was extracted from 

frozen liver tissues using RNeasy Mini Kit (Qiagen). 
Each 0.8 μg aliquot of mRNA was reverse transcribed 

to complementary DNA using a Prime Script reverse- 
transcription (RT) reagent kit (RR037A; Takara). 
Quantitative reverse- transcription polymerase chain reac-
tion (qRT- PCR) was performed using the SYBR Green 

system or the primer/probe set system (primer sequences 
are listed in Table 1) the Applied Biosystem PRISM7900 

apparatus (Thermo Fisher Scientific) is a machine which 

is used to do RT- PCR. The PCR cycle conditions for 
the SYBR Green system were 95  for 3 minutes, 45 

cycles of 95  for 3 seconds, and 60  for 30 seconds. 
The PCR cycle conditions for the primer/probe set sys-
tem were 50  for 2 minutes, 95  for 15 minutes, 40 

cycles of 95  for 30 seconds, 60  for 1 minute, and 

25  for 2  minutes. The comparative threshold cycle 

(ΔΔCt) method was used for determining relative gene 

expression, and the results of target genes (including 

fibrosis- related genes and inflammation- related genes) 
were normalized by subtracting 18S expression values.

IN VIVO ANALYSIS OF 
EXTRACELLULAR SIGNAL- 
REGULATED KINASE ACTIVATION
Frozen liver tissue was homogenized in radio immu-
noprecipitation assay buffer containing 1% protease 

inhibitor cocktail- 1 and 1% protease inhibitor cock-
tail- 2 (Sigma- Aldrich) followed by centrifugation in a 

microfuge at top speed for 30 minutes. Protein concen-
trations were assayed using a Protein Assay kit (Bio- 
Rad). Samples were separated by electrophoresis on 
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10% polyacrylamide gels and transferred to Immobilon 

(Bio- Rad) polyvinylidene fluoride. After brief incuba-
tion with 5% nonfat milk to block nonspecific binding, 
membranes were exposed overnight at 4  to specific 

phosphorylated anti- p44/p42 extracellular signal- 
regulated kinase (ERK) antibodies (Cell Signaling 

Technology). Membranes were washed and exposed 

to alkaline phosphatase- conjugated secondary anti-
bodies and visualized by incubation in 5% nonfat milk. 
Phosphorylated p44/p42 ERK activity was quantified 

by laser densitometric analysis of the radiographic film 

using ImageJ software (National Institutes of Health, 
Bethesda, MD).

STATISTICAL ANALYSIS
Prism7 software (GraphPad, San Diego, CA) was used 

to calculate statistical significance. A 2- way analysis of 
variance method and Student t test method were used 

for comparisons between groups. Survival rate analy-
sis was performed using a log- rank (Cox- Mantel) test. 
Data are expressed as mean ± standard deviation (SD). 
A value of P < 0.05 was considered to be statistically 

significant.

Results
SERUM 71D6 BINDS TO MET AT 
HIGH AFFINITY AND PROMOTES 
MET ACTIVATION, MIMICKING HGF
HGF- mimetic, agonistic anti- MET antibodies were 

generated by immunization of L. glama using the 

SIMPLE antibody platform.(9)
 Their biochemical 

and biological characterizations have been published 

previously.(10)
 Among these molecules, which include 

both partial and full agonists of MET, serum 71D6 

represents the most potent fully agonistic antibody. 
Serum 71D6 was produced as a chimera between vari-
able llama regions and human or mouse IgG1/λ con-
stant regions. Serum 71D6 bound to either the human 

MET (hMET) or mouse MET (mMET) extracellular 
domain with the concentration for 50% of maximal ef-
fect in the picomolar range (Fig. 1A). Stimulation of 
immortalized mouse liver cells with 71D6 or HGF re-
sulted in a similar dose- dependent activation of MET 

and of its downstream signaling (Fig.  1B). An over-
lapping pattern of MET activation and signaling was 
observed in MET- expressing human epithelial cells of 
various origin (not shown).

SYSTEMIC 71D6 ADMINISTRATION 
RESULTS IN BIOLOGICALLY 
SIGNIFICANT PLASMA LEVELS
The pharmacokinetic properties of 71D6 were tested 

in various mouse strains using various routes of ad-
ministration. In all studies, increasing doses of the 

antibody were delivered as a single bolus, and anti-
body levels in plasma were determined at different 
time points using a MET- based ELISA assay. Table 2 

shows the results obtained in a representative study 

conducted by IP injection. Serum 71D6 concentration 

reached a peak 8 hours after injection (65 nM at 1 mg/
kg and 2638 nM at 30 mg/kg). After 2 days, plasma 

71D6 levels showed only a minor deflection (38 nM 

at 1 mg/kg and 2466 nM at 30 mg/kg). After 8 days, 
all dose levels except the lowest were still detectable 

TABLE 1. Primers and Probes Used in This Study

Genes (PCR) Forward (5 –3 ) Reverse (5 – 3 ) Probe

TIMP3 (SYBR Green) CACAAAGTTGCACAGTCCTG TTTGTCGCCTCAAGCTAGA N/A

PDGF (SYBR Green) TACAGTTGCACTCCCAGGAAT CTTCCAGTTGACAGTTCCGCA N/A

TGF- β (SYBR Green) ATCCTGTCCAAACTAAGGCTCG ACCTCTTTAGCATAGTAGTCCGC N/A

TNF- α (SYBR Green) AAGCCTGTAGCCCACGTCGTA GGCACCACTAGTTGGTTGTCTTTG N/A

CCL5 (SYBR Green) TGCCCTCACCATCATCCTCACT GGCGGTTCCTTCGAGTGACA N/A

IL- 1β (SYBR Green) ACCTTCCAGGATGAGGACATGA AACGTCACACACCAGCAGGTTA N/A

18S (SYBR Green) ATGAGTCCACTTTAAATCCTTTAACGA CTTTAATATACGCTATTGGAGCTGGAA N/A

CCL3 (Taqman) ACCCAGGTCTCTTTGGAGTCAGCGCA TCCCAGCCAGGTGTCATTTTC AGGCATTCAGTTCCAGGTCAG
18S (Taqman) ATCCATTGGAGGGCAAGTCTGGTGC ATGAGTCCACTTTAAATCCTTTAACGA CTTTAATATACGCTATTGGAGGCTGGAA

NOTE: Liver- specific expression of profibrotic and proinflammatory genes determined by SYBR green PCR or Taqman PCR as indi-
cated in the table. N/A, Not applicable.
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and well in the nanomolar range. Based on these data, 
the mean plasma half- life of 71D6 corresponded to 

approximately 5  days (note that recombinant HGF 

has a half- life of a few minutes in both rodents(12)
 

and humans).(13)
 Considering that in normal, healthy 

mice endogenous HGF plasma levels range from 1 to 

10 pM(14)
 and that in the MET phosphorylation as-

says shown in Fig. 1B both HGF and 71D6 reached 

saturation at about 10 nM, the concentrations reached 

following IP injections of 71D6 shown in Table 2 are 

certainly relevant from a biologic viewpoint.

SERUM 71D6 DISPLAYS A POTENT 
HEPATOTROPHIC ACTIVITY IN 
MICE
The biological effects of 71D6 administration were 

compared with those of recombinant HGF in vivo. In 

a first experiment, a single bolus of 1 mg/kg of either 
71D6 or HGF was administered intravenously (IV) 
to adult Balb- c mice. Liver- to- body weight ratio and 

serum albumin levels were measured 4 and 10  days 
later. As shown in Fig.  2A, 71D6 administration re-
sulted in a marked increase in liver weight both at day 

4 (91%) and at day 10 (42%). In contrast, recombinant 
HGF administration promoted only a minor increase 

in liver weight (20% at day 4 and 0% at day 10). Serum 

albumin levels, expression of the synthetic activity of 
the liver, were invariably higher in the 71D6- treated 

mice, confirming the superior potency of the antibody. 
In a second experiment, we aimed at compensating 

the shorter half- life of HGF with more frequent ad-
ministration. Because of the challenge of IV injecting 

the same animals multiple times, IP injection was pre-
ferred. Mice were injected IP with either a single bolus 
of 1 mg/kg 71D6 or with 1 mg/kg recombinant HGF 

every 12 hours for 5 days. Mice were euthanized at day 

6 and subjected to the same analysis as noted previously. 
Even when administered more frequently, HGF could 

not match the potent hepatotrophic activity of 71D6. In 

fact, mice injected with a single bolus of 71D6 displayed 

a 70% larger liver compared with controls, whereas an-
imals injected repeatedly with HGF showed a modest 
10% increase in liver weight (Fig. 2B). Similarly, 71D6 

injection resulted in 121% higher albumin levels com-
pared with controls, whereas HGF injection increased 

serum albumin secretion by 52%. Therefore, 71D6 elic-
its a significantly more potent hepatotrophic effect in 

mice compared with recombinant HGF.

SERUM 71D6 PROMOTES LIVER 
REGENERATION AND INCREASES 
SURVIVAL IN MICE UNDERGOING 
CCl4 INJURY AND PARTIAL 
HEPATECTOMY
Prompted by the previous results, we evaluated the 

therapeutic effect of 71D6 on liver regeneration in a 

FIG. 1. 71D6 binds to MET at high affinity and elicits MET 

activation and downstream signaling, mimicking HGF function. 
(A) 71D6 binding to hMET or mMET extracellular domain was 
analyzed by ELISA (a.u.). (B) MET activation and downstream 

signaling induced by HGF or 71D6 was studied in human mouse 

MLP29 liver precursor cells. Cell lysates were analyzed by Western 

blotting using antibodies specific for the phosphorylated forms 
of MET, ERK, and AKT (pMET, pERK and pAKT) as well as 
antibodies against total MET, ERK, and AKT.
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mouse model of SFSS. This model reproduces the im-
paired regenerative capacity of the liver in patients with 

cirrhosis or other hepatic diseases. Mice were subjected 

to chronic CCl4 intoxication for 10  weeks and then 

randomized into 2 arms receiving either 3 mg/kg 71D6 

or a control IgG1. At 3 days after randomization, all 
mice were subjected to 70% hepatectomy. Mouse sur-
vival was recorded up to 28  days after hepatectomy. 

TABLE 2. Pharmacokinetic Properties of 71D6

Dose (mg/kg) Maximum Concentration (nM) Day 2 Concentration (nM) Day 8 Concentration (nM)

1 65 ± 3 38 ± 6 0 ± 0

3 271 ± 56 249 ± 70 17 ± 12

10 1265 ± 270 1062 ± 114 257 ± 27
30 2638 ± 327 2466 ± 494 446 ± 45

NOTE: 71D6 concentration in plasma was determined at different time points following IP injection of different dose levels of antibody 

as a single bolus. Values represent the mean ± standard deviation of at least 3 biological replicates.

FIG. 2. 71D6 displays a potent hepatotrophic activity in mice. (A) A single 1 mg/kg bolus of 71D6 or human recombinant HGF was 
injected IV into adult Balb- c mice, and the liver- to- body weight and serum albumin levels were determined 4 and 8 days afterward. (B) A 

single 1 mg/kg bolus of 71D6 or multiple doses (10 over 5 days) of 1 mg/kg recombinant human HGF were injected IP into adult Balb- c 

mice. Liver- to- body weight and serum albumin levels were determined 6 days after the first injection. Black represents control group. Red 

represents HGF group. Blue represents 71D6 group.
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Satellite animals were euthanized at different time 

points to analyze liver regeneration, fibrosis, and in-
flammation. This hepatectomy model typically presents 
high mortality within 4 days after surgery. Remarkably, 
the survival rate observed in the 71D6- treated group 

was significantly higher than that observed in the con-
trol group (P  =  0.03). Although only 5 of 24 mice 

(21%) in the control group survived for 28 days after 
hepatectomy, 7 of 13 71D6- treated mice (54%) were 

alive at the end of the experiment (Fig. 3A). As shown 

in Fig. 3B, 71D6 also accelerated body weight recovery 

following surgery compared with controls (P < 0.001). 
Liver weight was also evaluated upon autopsy of sat-
ellite animals at various time intervals. As shown in 

Fig. 3C, 71D6 significantly increased the liver- to- body 

weight ratio at most time points analyzed (days 1 and 

3, P < 0.05; day 7, nonsignificant; day 28, P < 0.001). 

Consistent with these findings, serum albumin levels in 

71D6- treated animals increased (Fig. 3D) and showed 

a significant difference with the control group start-
ing on day 7 (P < 0.01) and reaching a peak on day 28 

(P < 0.01). These data indicate that 71D6 treatment 
promotes liver regeneration and accelerates recovery of 
liver function after partial hepatectomy.

SERUM 71D6 PROMOTES HEPATIC 
PROLIFERATION FOLLOWING 
HEPATECTOMY THROUGH 
ACTIVATION OF THE ERK 
SIGNALING PATHWAY
Hepatocyte proliferation following hepatectomy was 
assessed by staining liver sections with anti- PCNA 

FIG. 3. 71D6 promotes liver regeneration and increases survival in mice undergoing CCl4 injury and partial hepatectomy. (A) Kaplan- 
Meier curve analysis of mouse survival (P = 0.03). (B) Body weight change over time (mean ± SD) (P < 0.001). (C) Liver- to- body 

weight over time (days 1 and 3, P < 0.05; day 7, nonsignificant; day 28, P < 0.001). (D) Serum albumin levels over time (days 1 and 3, 
nonsignificant; day 7, P < 0.01; day 28, P < 0.01).
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antibodies. As shown in Fig.  4A, the number of 
PCNA- positive cells was higher in the 71D6- treated 

group starting at day 3 and peaking at day 28. To fur-
ther characterize 71D6- induced liver proliferation, we 

analyzed the expression and activation of p44 ERK1 

and p42 ERK2, a key event in the postinjury liver re-
generation program.(15)

 This analysis revealed that 
71D6 significantly increased the levels of phosphory-
lated (activated) ERK1/2 on both day 3 and day 28 fol-
lowing hepatectomy (Fig. 4B). Activation of ERK1/2 

directly correlated with PCNA expression, suggesting 

that 71D6 stimulates activation of ERK1/2 in the rem-
nant liver, resulting in accelerated hepatic regeneration. 
Notably, however, no ERK1/2 activation was detected 

in control animals despite hepatectomy typically induc-
ing spontaneous liver regeneration within a few days. 
This could be attributed to, and is consistent with, the 

impaired regenerative capacity of a cirrhotic liver. To 

cast light onto the mechanism underlying this regen-
erative impairment, we analyzed serum HGF levels in 

posthepatectomy mice as well as in healthy, naïve ani-
mals. This analysis revealed that posthepatectomy mice 

treated with the control IgG protein displayed only a 

marginal increase in HGF levels compared with naïve 

mice (Fig. 3C). Interestingly, serum HGF levels were 

slightly higher in the 71D6 group, probably because 

of larger liver mass and/or increased hepatic function. 
In any case, serum HGF levels were confined to the 

picomolar range, whereas 71D6 levels measured in the 

same samples remained well above MET saturating 

levels for the entire duration of the study (full activa-
tion of MET is reached with 10  nM 71D6). These 

results explain the absence of ERK activation and the 

poor liver regeneration observed in the control group 

on one hand and justify the superior regenerative abil-
ity of the animals treated with 71D6 on the other hand.

SERUM 71D6 AMELIORATES 
HEPATIC FIBROSIS AFTER 
PARTIAL HEPATECTOMY ON 
CIRRHOTIC BACKGROUND
Sections of livers harvested from satellite animals were 

stained with H & E, PSR, and antibodies against 

FIG. 4. 71D6 promotes hepatic proliferation following hepatectomy of cirrhotic mice through activation of the ERK signaling pathway. 
(A) Hepatic proliferation is expressed as the number of PCNA- positive cells per liver section analyzed. Representative images are shown 

below the graph. The bar is 250 μM. (B) The levels of phosphorylated and total ERK1/2 (p44/p42) were determined by Western blot 
analysis of liver samples. The ratio between phosphorylated ERK1/2 and total ERK1/2 was determined by densitometric analysis. (C) 
Serum HGF levels in mice of the control and 71D6 groups as well as in healthy, naïve animals were determined by ELISA. (D) Serum 

71D6 levels in mice of the 71D6 group were determined by ELISA.
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desmin or α- SMA. Liver specimens of the control 
group showed consistent formation of thin fibrotic 

septa at the portal and central areas on day 3. Although 

milder, fibrosis was still present at day 28. Control 
liver sections also displayed high density of myofi-
broblasts. In contrast, liver specimens of the 71D6 

group showed significantly milder signs of fibrosis and 

a reduced presence of myofibroblasts already at day 

3. Liver fibrosis was quantified and expressed as the 

percentage of PSR- positive area (Fig. 5A), number of 
desmin- positive cells (Fig. 5B), and percentage of α- 
SMA– positive area (Fig.  5C). To further strengthen 

these results, the expression of fibrosis- related genes 
was analyzed by quantitative RT- PCR. This analysis 
revealed that 71D6 significantly reduced mRNA ex-
pression of platelet- derived growth factor (PDGF), 
tissue inhibitor of metalloproteinase 3 (TIMP3), and 

transforming growth factor β1 (TGF- β1), which are 

involved in collagen deposition and activation of HSCs 
(Fig. 5D). Together, these results suggest that in mice 

subjected to CCl4 treatment and partial hepatectomy, 

the agonistic anti- MET antibody 71D6 effectively ac-
celerates the regression of hepatic fibrosis by inhibiting 

the activation of multiple fibrogenic pathways.

SERUM 71D6 REDUCES 
MACROPHAGE INFILTRATION IN 
THE REGENERATING LIVER
Liver specimens extracted at autopsy were analyzed by 

immunohistochemistry using antibodies against F4/80 

and CD68. The number of cells positive for F4/80 

(P < 0.05; Fig. 6A) and CD68 (P < 0.0001; Fig. 6B) 
was significantly lower in the 71D6 group compared 

with the control group on day 28. Consistent with 

histological findings, mRNA levels of inflammatory 

cytokine genes (tumor necrosis factor α [TNF- α], in-
terleukin 1β [IL1β], chemokine [C- C motif ] ligand 

3 [CCL3], and chemokine [C- C motif ] ligand 5 

[CCL5]) were significantly lower in the liver homog-
enates of 71D6- treated mice compared with control 
mice on day 28 (P < 0.05; Fig. 6C).

FIG. 5. 71D6 ameliorates hepatic fibrosis after partial hepatectomy on cirrhotic background. (A) Liver sections were stained with PSR. 
Data are expressed as percentage of PSR- positive area. (B) Liver sections were stained with anti- desmin antibodies. Data are expressed as 
number of desmin- positive cells per section analyzed. (C) Liver sections were stained with anti– α- SMA antibodies. Data are expressed 

as percentage of α- SMA– positive area. (D) Liver specimens were analyzed by RT- PCR to determine the levels of PDGF, TGF- β1, and 

TIMP3 expression. Data are expressed as a.u.
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Discussion
Liver failure is prone to occur after liver transplantation 

or extended resection when the size and function of the 

remnant liver is unable to meet the metabolic demand 

of the patient. SFSS limits the use of living donor and 

split- liver transplants, and lifesaving large resections 
of tumors or nonmalignant lesions may be limited by 

concerns of postsurgical liver failure. Furthermore, 
SFSS is analogous to end- stage liver disease where the 

functional liver mass no longer meets metabolic de-
mand. Therefore, there is a major need for effective 

therapies capable of enhancing and accelerating liver 
regeneration.

Most studies evaluating regenerative therapies take 

advantage of the 70% hepatectomy model in mice 

or rats. In this model, 70% of the liver, usually the 

median and left lateral lobes, is surgically removed. 
In response to this, the remnant liver enlarges until 
it restores normal mass and function. Although the 

liver has a remarkable potential for regeneration, this 
regenerative capacity becomes impaired with serious 

liver fibrosis.(16)
 The transition of quiescent HSCs to 

activated, scar- forming, myofibroblast- like cells leads 
to excessive extracellular matrix synthesis.(17,18)

 This 
abnormal scar formation in the liver has been shown 

to hold back hepatocyte proliferation. In the present 
study, we studied a newly developed agonistic anti- 
MET antibody that increased hepatocyte proliferation 

after partial hepatectomy in mice with CCl4- induced 

liver disease.
Following 70% hepatectomy, both hepatocytes and 

nonparenchymal cells are activated and integrate mul-
tiple signals originating from immune, hormonal, and 

metabolic networks to induce liver regeneration.(19)
 

Within this process, the activation of HGF/MET 

signaling pathway has been demonstrated to be 1 of 
the essential mechanisms that lead hepatocytes into 

the cell cycle after hepatectomy.(20)
 Following resec-

tion, HGF protein levels in plasma typically rise,(21)
 

but liver fibrosis is known to prevent this process. The 

lack of HGF induction on a cirrhotic background was 
fully confirmed in our study (Fig. 4C). To circumvent 
defective endogenous HGF activation, we employed 

FIG. 6. 71D6 reduces macrophage infiltration in the regenerating liver. (A) Liver sections were stained with anti- F4/80 antibodies. Data 

are expressed as number of F4/80- positive cells per section analyzed. (B) Liver sections were stained with anti- CD68 antibodies. Data are 

expressed as number of CD68- positive cells per section analyzed. (C) Liver specimens were analyzed by RT- PCR to determine the levels 
of TNF- α, IL1β, CCL3, and CCL5 expression. Data are expressed as a.u.
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the 71D6 agonistic anti- MET antibody. When bound 

by 71D6, the MET receptor dimerizes and becomes 
phosphorylated on tyrosine residues to initiate MET 

downstream signaling (Fig. 1).
The results presented here indicate that liver- to- 

body weight ratio increased very slowly in the control 
group, whereas it increased markedly and constantly in 

the 71D6- treated group (Fig.  3). Quantitative anal-
ysis of PCNA immunostaining also confirmed that 
the agonistic anti- MET antibody potently promotes 
hepatocyte proliferation (Fig. 4A). We also clarified the 

involvement of the ERK1/2 signaling pathway in this 
hepato- proliferative effect. It is known that the Ras/
Raf/MEK/ERK cascade has the ability to lead to cel-
lular responses, including proliferation. The ERK1/2 

signaling pathway can also regulate the hepatocyte pro-
liferative response during the regeneration of normal 
liver.(22)

 Our Western blot results showed that 71D6 

strongly activated ERK p44/p42, closely reflecting the 

high levels of PCNA expression (Fig. 4B). Our results 
clearly show that 71D6 has the ability to mimic HGF 

signaling in vivo, including activation of downstream 

kinases and promotion of hepatocyte proliferation. 
However, in contrast to HGF, 71D6 is very stable in 

vivo (Table 2) and displays superior pharmacodynamic 

properties (Fig. 2). These results highlight the thera-
peutic potential of 71D6 in liver regeneration.

Liver fibrosis is an inadequate wound- healing 

response to chronic liver injury and is characterized 

by the excessive deposition and reduced degradation 

of the extracellular matrix. Excessive accumulation of 
extracellular matrix alters the hepatic architecture to 

progress to liver fibrosis, and if not prevented it may 

eventually lead to cirrhosis and even liver cancer. Our 
study provides evidence that 71D6 treatment leads to 

a significantly lower degree of collagen, desmin, and 

α- SMA compared with controls (Fig. 5A,B). This is 
explained by the direct inhibition of multiple fibro-
genic pathways including those controlled by PDGF, 
TIMP3, and TGF- β1 (Fig. 5C). These data support 
the hypothesis that 71D6 has the ability to antago-
nize TGF- β1 directly so as to reduce liver fibrosis and 

improve liver regeneration.(23)

Furthermore, our study showed that 71D6 also 

inhibited the infiltration of inflammatory cells into the 

liver. In fact, the number of F4/80- positive and CD68- 
positive cells in the 71D6 group was significantly lower 
than that observed in the control group (Fig. 6A,B). 
Consistent with these findings, qRT- PCR analy-
sis revealed that the expressions of proinflammatory 

cytokines and chemokines such as TNF- α, IL1β, 
CCL3, and CCL5 were much lower in the liver 
homogenates of 71D6- treated mice compared with 

control animals (Fig. 6C).
Thus, not only does 71D6 overcome the inability of 

a cirrhotic liver to regenerate following hepatectomy, 
but it also achieves faster resolution of fibrosis and 

the effective suppression of inflammation. Together, 
these results suggest that activating the MET pathway 

via an HGF- mimetic antibody may be beneficial in 

patients with SFSS and possibly other types of acute 

and chronic liver disorders.
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IL-6  Interleukin 6
IL-1β  Interleukin-1 beta
IFN-γ  Interferon-gamma
iNOS  Inducible nitric oxide synthase
LDs  Lipid droplets
mRNA  Messenger RNA
NASH  Non-alcoholic steatohepatitis
NAFLD  Non-alcoholic fatty liver disease
NFκB  Nuclear factor-κB
OB-R  Leptin receptor
OPN  Osteopontin
ROS  Reactive oxygen species
RT-PCR  Real time-polymerase chain reaction
SREBP-1c  Sterol regulatory element-binding protein-1c
TC  Total cholesterol
TNF-α  Tumor necrosis factor-alpha

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disorder associated with metabolic 
dysfunction and is a leading cause of cirrhosis and hepatocellular carcinoma (HCC) with a global prevalence of 
25%1. It usually develops in the absence of excessive alcohol consumption and is associated with an unhealthy 
diet and lack of physical activity. Non-alcoholic steatohepatitis (NASH) is a progressive form of NAFLD, char-
acterized by chronic inflammation and hepatocyte injury due to fat  accumulation2. A community-based study 
found that fatty liver is prevalent in the elderly population, with a prevalence of over 40%3.

Aging is a complex phenomenon characterized by the gradual decline of the tissue and organ function 
accompanying the irreversible age-related loss of viability. Impairment of the liver function and development of 
NAFLD are common among the  elderly4. Accumulating evidence has pointed out that the process of aging itself 
markedly increases the prevalence of metabolic syndrome in humans, reportedly being a risk factor of  NAFLD5, 
as it predisposes individuals to hepatic functional and structural impairment and metabolic risk. Oxidative stress 
is considered the primary cause of general aging as well as diseases associated with aging, especially metabolic 
 diseases6. Oxidative stress, lipotoxicity and  inflammation7 have been shown to play central roles in the devel-
opment and progression of NAFLD. Furthermore, the progressively increased production of reactive oxygen 
species (ROS) during the aging process contributes to the accumulation of lipids, particularly cholesterol, in the 
liver of elderly  individuals8.

Molecular hydrogen  (H2) was previously reported to act as an antioxidant for preventive and therapeutic 
applications by selectively alleviating cytotoxic oxygen radicals without affecting other  ROS9. Previous studies 
have reported that  H2 functions as an antioxidant, anti-apoptosis and anti-inflammatory agent in many animal 
models and human clinical  studies10. Among these studies,  H2 administration can be roughly divided into inhal-
ing  H2 gas, drinking  H2 dissolved water and injecting  H2 dissolved  saline11. In our present study, we used coral 
calcium carried hydrogen (G2-SUISO), which is a safer and more convenient form of  H2 agent than others, as 
the source of  H2. In general,  H2 cannot be kept in supplements as-is. Coral powder was therefore selected as the 
material to convey  H2, and we employed a unique method to successfully immobilize  H2 on the surface of the 
carrier coral calcium. When the coral calcium enters the body, hydrogen is generated upon contact with moisture.

The present study investigated the potential effects of G2-SUISO with the goal of evaluating whether or 
not G2-SUISO could attenuate the severity of NASH induced by a choline deficient high carbohydrate fat-free 
(CDHCFF) diet in elderly rats.

As shown in Fig. 1B and 
Supplementary Fig. 3A, the liver weight-to-body weight ratio in the 3d_control group was significantly higher 
(p < 0.0001) than that in the Naïve group, while this value was lower (p < 0.01) in the 3d_G2 group. Furthermore, 
the liver weight-to-body weight ratio in the 7d_G2 group was down-regulated (p < 0.05) compared with the 7d_
control group as well. The above results suggested that CDHCFF administration resulted in liver enlargement, 
and going back to eating normal diet again with G2-SUISO treatment significantly attenuated this CDHCFF-
induced liver enlargement.

NASH is characterized as the excessive accumulation of TC in lipid droplets (LDs) in hepatocytes, and ALT 
and AST activities are important biomarkers of liver damage or  diseases8. G2-SUISO significantly reduced the 
serum ALT, AST and TC levels in elderly NASH rats (Fig. 1C). The serum ALT and AST levels both notably 
differed between the 3d_control group and 3d_G2 group (p < 0.001), indicating that a CDHCFF diet caused 
severe hepatocellular injury in rats. Compared with the 3d_control group, the serum ALT and AST levels in 
the 3d_G2 group were markedly decreased. In addition, the serum TC levels were higher in the 3d/7d_control 
group than in the 3d/7d_G2 group (p < 0.05 and p < 0.05, respectively) suggesting that G2-SUISO had notable 
effects of attenuating CDHCFF-induced NASH. In contrast, serum triglyceride (TG) was significantly decreased 
by CDHCFF diet and G2-SUISO treatment showed comparable concentrations (Supplementary Fig. 3B). Based 
on the HE staining of liver specimens in Fig. 1D, we observed that the normal liver showed a clear and homo-
geneous texture, while the CDHCFF groups developed hepatocyte steatosis, ballooning and inflammatory cell 
infiltration on day 3 that was relieved on day 7. Compared with the CDHCFF diet groups, hepatocyte ballooning 
and steatosis in rat specimens were clearly reduced in the G2-SUISO groups on days 3 and 7 (Fig. 1E, p < 0.001, 
p < 0.001, respectively), suggesting that G2-SUISO ameliorated hepatic steatosis in NASH rats.
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Figure 1.  G2-SUISO attenuated CDHCFF-induced nonalcoholic steatohepatitis. (A) The experimental design 
and timeline of the groups was shown. (B) The liver weight-to-body weight ratio in the five groups is shown. (C) 
G2-SUISO treatment significantly reduced serum ALT, AST and TC levels in NASH rats. (D) Hematoxylin and 
eosin (HE) staining of liver specimens in different groups suggested that G2-SUISO improved hepatic steatosis 
in NAFLD rats. The yellow triangle represents the area of inflammatory cell infiltration. White vacuoles showed 
lipids (yellow arrow) in HE staining (magnification × 100 & × 200). (E) An analysis of the HE staining of fatty 
liver specimens is shown. Each bar represents the mean ± SD. (F) Liver sections of five groups were stained 
by Oil Red O solution. Red areas showed lipids in Oil Red O staining (magnification × 100 & × 200). (G) An 
analysis of the Oil Red O staining of fatty liver specimens is shown. Each bar represents the mean ± SD; *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001.

-262-



Vol:.(1234567890)

 |        (2023) 13:11646  | 

www.nature.com/scientificreports/

To further explore the protective effects of G2-SUISO on reducing steatosis in elderly NASH rats, liver sec-
tions from the five groups were subjected to Oil red O staining, which was used to measure fat loading in the 
hepatocytes. Based on Fig. 1F, we can see that G2-SUISO decreased intracellular lipid deposition in the livers 
of the CDHCFF group. A histological analysis of Oil Red O staining revealed a significant increase in intracel-
lular lipid deposition in the livers of the 3d_CDHCFF group and 7d_CDHCFF group (p < 0.0001 and p < 0.01, 
respectively) (Fig. 1G). Numbers of LDs were markedly reduced in the livers of G2-SUISO-treated mice on days 
3 and 7 (p < 0.001 and p < 0.05, respectively).

Among cytokine-related to the pro-
gression of NASH, tumor necrosis factor-alpha (TNF-α) plays a pivotal role in the inflammatory pathogenesis of 
 NASH12. As shown in Fig. 2A, hepatic mRNA expression of inflammatory cytokine-related genes, particularly 
TNF-α, inducible nitric oxide synthase (iNOS), osteopontin (OPN), interferon-gamma (IFN-γ), interleukin-1 
beta (IL)-1β, IL-6 and C–C chemokine receptor type 2 (CCR2), were significantly higher following adminis-
tration of an CDHCFF diet. In contrast, the expression of TNF-α, iNOS and CCR2 was lower in the 3d_G2 
group than in the 3d_control group (p < 0.01, p < 0.05 and p < 0.01, respectively). The IFN-γ, OPN, IL-1β and 
IL-6 expression was down-regulated as well but without a significant difference. After the administration of 
G2-SUISO for 7 days, TNF-α and IL-1β showed notable reductions in expression (p < 0.01 and p < 0.01, respec-
tively). The infiltration of neutrophils in liver was assessed using chloroacetate esterase staining of liver speci-
mens. The hepatic expression of neutrophils was significantly increased in the CDHCFF diet control group 
compared with Naïve group on days 3 and 7 (p < 0.05 and p < 0.05, respectively) (Fig.  2B,C). Following the 
administration of G2-SUISO, the neutrophil numbers in NASH liver specimens were reduced on days 3 and 7 
(p < 0.05 and p < 0.05, respectively), and only a few scattered inflammatory foci were observed compared with 

Figure 2.  G2-SUISO reduced the mRNA expression of inflammatory cytokine-related genes. (A) Homogenates 
of liver tissues were analyzed by qRT-PCR, as described in the Materials and Methods. The mRNA expression of 
inflammatory cytokine-related genes, particularly TNF-α, iNOS and CCR2, was significantly lower in the 3d_G2 
group than in the 3d_control group. The mRNA expression of inflammatory cytokine-related genes, such as 
IFN-γ, OPN, IL-1β and IL-6, tended to be down-regulated following G2-SUISO treatment. Values are expressed 
as the mean ± SD in arbitrary units; *p < 0.05, **p < 0.01, ****p < 0.0001. (B) Chloroacetate esterase staining of 
liver specimens with inflammatory foci in the five groups is shown (magnification × 40 & × 200). (C) Analysis 
results of chloroacetate esterase staining of fatty liver specimens are shown. A total of 4 high power fields 
(hpf) (× 40) were randomly selected from each liver specimens (n = 5), and the number of inflammatory foci 
was counted. The data are expressed as the cell number/high-power field. Each bar represents the mean ± SD; 
*p < 0.05.

-263-



Vol.:(0123456789)

 |        (2023) 13:11646  | 

www.nature.com/scientificreports/

the control group. In addition, the infiltration of T cells and macrophages in the liver was also analyzed using 
CD3 and ED1 monoclonal antibody. Both expressions in the liver specimens were increased in the 3d_CDHCFF 
group compared to the Naïve group (p < 0.01 and p < 0.01, respectively), and G2-SUISO treatment decreased 
the infiltration of CD3- and ED1-positive cells (Supplementary Fig. 2). Taken together, these findings suggested 
that G2-SUISO might prevent inflammation and inflammatory cell infiltration in the NASH elderly model liver.

Previous studies have reported that increased hepatocyte 
apoptosis may play an important role in controlling the development of  NASH13. As shown in Fig. 3A, the mRNA 
expression of apoptosis-related molecules, particularly Bax, caspase-1, caspase-3 and NF-κB, was markedly up-
regulated in the 3d_CDHCFF control group compared with Naïve group (p < 0.0001, p < 0.001, p < 0.0001 and 
p < 0.0001, respectively). The mRNA expression of Bax showed a significant decrease (p < 0.05) in the 7d_G2 
group, and that of caspase-1, caspase-3 and NF-κB showed decreasing trend. Furthermore, the mRNA expres-
sion of caspase-3 in the 3d_G2 group showed decreasing trend compared with the 3d_control group.

To confirm the anti-apoptosis effect of G2-SUISO, we measured the protein levels of caspase-1, caspase-3, 
caspase-9 and NF-κB in liver tissues in the Naïve group, 3d_control group and 3d_G2 group by Western blotting 
(Fig. 3B). After a densitometric analysis of the signals, we found that the expression of caspase-3, caspase-9 and 
NF-κB was significantly reduced by the treatment of G2-SUISO (p < 0.05, p < 0.01 and p < 0.05, respectively), 
whereas the caspase-1 expression showed no significant difference from before treatment.

As a pathological analysis showed that 
G2-SUISO reduced the lipid deposition caused by an CDHCFF diet in the liver (Fig. 1C–F), the mRNA expres-
sion of fatty acid uptake- and lipid metabolism-related cytokine-related genes in the five groups, particularly 
leptin receptor (OB-R), fatty acid synthase (FAS) and acetylCoA carboxylase (ACC), as well as sterol regulatory 
element-binding protein-1c (SREBP-1c) was measured. In Fig. 4, the mRNA expression of the OB-R, ACC and 
FAS genes increased significantly in the 3d_CDHCFF control group compared with the Naïve group (p < 0.001, 
p < 0.0001 and p < 0.0001, respectively). The SREBP-1c gene expression in the 3d_CDHCFF control group also 
showed an increasing trend but without significance. G2-SUISO markedly down-regulated the expression of 
OB-R compared with the 3d_CDHCFF control group (p < 0.05) and tended to down-regulate the expression 
of ACC and SERBP-1c. After 7 days of G2-SUISO administration, the mRNA expression of SREBP-1c, ACC 

Figure 3.  G2-SUISO reduced the mRNA expression of apoptotic molecules. (A) The mRNA expression of 
apoptosis-related genes in the five groups, particularly Bax, caspase-1, caspase-3 and NF-κB, is shown. (B) 
Results of a Western blot analysis of caspase-1, caspase-3, caspase-9 and NF-κB levels in the liver tissue of the 
Naïve group, 3d_control group and 3d_G2 group are shown. Data are expressed as the mean ± SD; *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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and FAS showed significant reductions (p < 0.05, p < 0.05 and p < 0.05, respectively). Furthermore, the mRNA 
expression of cholesterol metabolism genes, such as sterol regulatory element binding protein-2 (SREBP-2) or 
hydroxymethyl-glutaryl-CoA reductase (HMGCR) genes was increased by CDHCFF diet and G2-SUISO treat-
ment showed the trend of decrease of the expression of these mRNA expression (Supplementary Fig. 3C).

The prevalence of NAFLD has increased significantly in parallel with increasing rates of obesity, now being the 
most common cause of chronic liver disease  worldwide14. NAFLD is reported to be a heterogeneous disease with 
a high prevalence in elderly patients, characterized by the accumulation of TG and fatty acids in  hepatocytes15. 
Compared with younger groups, NAFLD in the elderly may carry a more substantial burden of hepatic and extra-
hepatic manifestations and  complications16. Indeed, in our NASH model, aged rats showed more severe hepatitis 
when fed an CDHCFF diet than young rats (Supplementary Fig. 1).  H2 has been reported to act as a therapeutic 
antioxidant by selectively reducing cytotoxic oxygen radicals, potentially leading to therapeutic effects in a vari-
ety of diseases, such as ischemia–reperfusion injury, colitis, NASH and aging-related diseases 9,17–20. G2-SUISO 
is widely used in dietary supplement products (https:// acche. co. jp/ suppl ement/ items_ plati num/) as a safe and 
effective form of antioxidant with minimal side effects. This study demonstrated the promising potential effects 
of G2-SUISO in a rat elderly model of NASH.

In this study, we used a CDHCFF diet, which is one of the useful methods, to generate our NASH rat 
 model21,22. As expected, CDHCFF diet-fed rats exhibited increased adipose tissue weights and liver weight-to-
body weight ratios compared to the Naïve group (Fig. 1). In addition, the liver pathology summarized the major 
features of human NASH, including steatosis, ballooning degeneration and inflammation. With this model, 
the hepatic lipogenic/inflammation/apoptosis gene expression and serum biochemical markers, such as AST, 
ALT and TC, attenuation by G2-SUISO showed convincing results for estimating the effect of the drug in our 
research. Oxidative stress and inflammation are the main components that contribute to the pathogenesis of 
NASH. It is widely acknowledged that TNF-α expression increases in cases of obesity and plays a major role 
in the inflammatory pathogenesis of  NASH23. Enrichment of innate immune cells and increased inflammation 
are hallmarks of NASH. Increasing evidence supports that neutrophils play a key role in the onset of NASH, 
and histological findings from human liver biopsies suggest that enhanced infiltration of neutrophils is one of 
the key histological features of  NASH24,25. Activation of the transcription factor NF-κB also results in produc-
tion of key chemokines for neutrophil  recruitment26. Steatosis is reported to lead to increased signaling of the 
transcription factor NF-κB, which can induce the production of pro-inflammatory mediators, such as TNF-α, 
IL-6 and IL-1β27. In addition, these pro-inflammatory cytokines contribute to the recruitment and activation 
of Kupffer cells to mediate inflammation in NASH. In our study, the mRNA expression of TNF-α significantly 

Figure 4.  G2-SUISO reduced hepatocyte steatosis in CDHCFF diet-induced nonalcoholic steatohepatitis rat. 
The mRNA expression of fatty acid uptake- and lipid metabolism-related genes in the five groups, particularly 
leptin receptor (OB-R), fatty acid synthase (FAS) and acetylCoA carboxylase (ACC), as well as sterol regulatory 
element-binding protein-1c (SREBP-1c) are shown. Data are expressed as the mean ± SD; *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001.
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decreased following the administration of G2-SUISO to our rat NASH model (Fig. 2). The expression of other 
pro-inflammatory mediators, including IFN-γ, OPN, IL-1β, CCR2, iNOS and IL-6, was markedly increased 
under CDHCFF diet. Following G2-SUISO treatment, most of these cytokines showed a down-regulated trend, 
suggesting that G2-SUISO might have an anti-inflammatory effect. As shown in Fig. 3, down-regulation of NF-κB 
by G2-SUISO is one of the possible reason for the reduction of pro-inflammatory molecules, while the mecha-
nism of NF-κB suppression by  H2 is still  unclear28. Other reasons may include induction of anti-inflammatory 
molecules. The trend toward enhanced mRNA expression of HO-1 was observed by G2-SUISO administration 
(data not shown) and several studies demonstrated that HO-1 inhibit NF-κB29–31.

Previous studies have reported that cell death, including apoptosis, seems to play a vital role in the progres-
sion of  NASH13. Apoptotic hepatocytes stimulate immune cells and hepatic stellate cells (HSCs) to progress to 
NASH and fibrosis through the production of inflammasomes and cytokines. NF-κB is a master regulator of 
inflammation and cell death in the development of various liver diseases, such as NAFLD, hepatocellular injury, 
liver fibrosis and  HCC32. The activation of NF-κB in Kupffer cells or infiltrating monocytes is pro-inflammatory 
and induces the expression of death ligands, such as TNF-α33. Caspases are related to the induction of apoptosis, 
which is a mode of cell death regulated by homeostasis, supporting the coordinated demolition and clearance 
of aging and damaged  cells34. Bax belongs to the Bcl-2 protein family, and its pro-apoptotic function has been 
confirmed in many  studies35. The expression of these pro-apoptotic molecules was significantly up-regulated in 
the CDHCFF diet control group on day 3 (Fig. 3). The administration of G2-SUISO then down-regulated the 
pro-apoptosis molecules, such as NF-κB and caspases, on day 3 according to our Western blot analyses. These 
findings suggest that G2-SUISO may prevent apoptosis in the NASH model liver by inhibiting the expression 
of pro-apoptotic molecules.

In the present study, G2-SUISO attenuated lipid accumulation in CDHCFF-induced NASH in elderly rats. 
The reverse alterations in the hepatic lipid accumulation can be explained by the effects of G2-SUISO on lipid 
metabolism. Previous studies have shown that the excessive hepatic accumulation of TG and FFAs induces 
hepatic  steatosis36,37. The present study demonstrated that treatment with G2-SUISO ameliorated the lipid accu-
mulation in the liver of CDHCFF diet rats via the modulation of lipid metabolism-related molecules. The hepatic 
uptake of fatty acids is thought to occur via several mechanisms, including a transporter-mediated mechanism. 
In patients with NAFLD, the hepatic expression of fatty acid synthesis genes and fatty acid oxidation-related 
genes is up-regulated. ACC catalyzes the production of malonyl-CoA and is a major building block for de novo 
lipogenesis, promoting the oxidation of  FFAs38. SREBP-1c is a transcription factor that is a major regulator of 
FAS and other lipogenic proteins and is essential for the utilization and storage of glucose  carbon39. It regulates 
the onset of the lipogenic program and is able to bind to the promoters of several lipogenesis enzyme genes 
and induce their  expression40. The activity of the SREBP-1c/FAS pathway was previously shown to be mark-
edly elevated and to contribute to the progression of hepatic steatosis in NASH  mice41. Our present findings 
showed that G2-SUISO significantly down-regulated SREBP-1c, FAS and ACC expression (Fig. 4), indicating 
that G2-SUISO protects NASH rats from the SREBP-1c/FAS pathway. In this study, serum TG remained reduced 
after 2 days of fasting and feeding the CDHCFF diet, with comparable concentrations with/without G2-SUISO 
(Supplementary Fig. 3B). Previous study demonstrated that serum TG concentration was decreased after 2 days 
fasting but gradually increase after  refeeding21. The reason why serum triglyceride levels are not increased by 
the CDHCFF diet is still unclear, but one possible reason may be due to the use of rats of different species and 
ages in this study.

As shown in Fig. 5, hepatic FFAs in the liver were increased after feeding an CDHCFF diet and accounted 
for the majority of the lipid accumulation, which can trigger  NASH42,43. Excessive consumption and dietary 
abnormalities (such as consuming an CDHCFF diet after fasting) is related to oxidative stress in various tissues, 
including vessels, adipose tissues and the liver, and is consequent to disease development. Normally, oxidative 
stress, such as ROS, is continuously generated within cells but is counterbalanced by the antioxidant system to 
defend the body from cellular or tissue  damage44. In the progression of aging and lipogenesis, an imbalance of 
oxidant synthesis and antioxidants is the major contributor to the pathogenesis of NASH, leading to liver injury 
and hepatocyte  deterioration45.

Antioxidants have been suggested to be beneficial for health promotion and disease prevention. Chemilumi-
nescence emission in vitro has been used to verify that  H2 can scavenge ROS  markedly46. Our results confirmed 
that the administration of G2-SUISO, a proven safe and convenient antioxidant, improved NASH in our elderly 
rat model, probably due to its antioxidant activity. Hepatic and general serum marker levels including the liver 
weight-to-body weight ratio, AST and ALT were all improved, while FFA uptake-related, inflammatory and 
pro-apoptosis molecules were suppressed in the NASH liver by administration of G2-SUISO. The beneficial 
effects of G2-SUISO against hepatic steatosis in NASH elderly rats may be exerted through the inhibition of 
lipogenesis pathways by reducing SREBP-1c, ACC and FAS expression, thereby causing a reduction in the hepatic 
fat accumulation and a significant decrease in TC levels in serum. Overall, these results indicate that G2-SUISO 
represents a simple and novel therapeutic strategy for NASH and NAFLD. Previous studies also showed that  H2 
therapy is a very promising treatment of liver diseases and the rational use of it has already solved many problems 
 clinically47. However, the current clinical delivery method of  H2 is not very convenient, and G2-SUISO can be 
made into capsules to solve this problem and facilitate  H2 administration.

The original method of coral calcium carried hydrogen was 
described  previously48,49. The coral powder containing calcium carbonate was sealed into a pressure vessel, and 
gas with a concentration of 100% (vol)  H2 was circulated at a rate of 5 L/min at a temperature of 800 °C and pres-
sure of 0.8 MPa, treated at a high temperature for 1 h. At 300 °C and 0.8 MPa,  H2 gas concentration of 100% (vol) 
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was circulated at a speed of 5 L/min and treated at a low temperature for 4 h. Finally, hydrogen powder with an 
average particle size of about 10 μm was obtained by grinding.

Six-month-old elderly male F344/NSlc rats (450–500  g) were purchased from Shizuoka 
Laboratory Animal Center (Shizuoka, Japan) and housed in a feeding room with automatically controlled light 
and temperature according to the guidelines of the Institutional Animal Care and Use Committee. All animal 
procedures were authorized by the National Research Institute for Child Health and Development (Permission 
No. A2020-004-C01-M01).

An acute NASH model was originally developed in  199721 and is currently used in the field of fatty liver 
research with minor  modification22,50–52. As early as three days after starting the CDHCFF diet, rats may develop 
hepatic inflammation. In our study, acute NASH in a rat model was induced by fasting for two days followed by 
feeding a CDHCFF diet for three days. Rats in the present study were randomized into five groups as shown in 
Fig. 1A and as follows: (1) Naïve group (n = 6): rats received a normal diet and were gavaged with distilled water; 
(2) CDHCFF control group on day 3 (3d_cont.) (n = 6): rats were fed an CDHCFF diet from days 0 to 3 and then 
sacrificed on day 3; (3) CDHCFF + G2-SUISO-treated group on day 3 (3d_G2) (n = 6): rats had NASH induced, 
were gavaged with 300 mg/kg G2-SUISO from days 0 to 3, and then were sacrificed on day 3; (4) CDHCFF con-
trol group on day 7 (7d_cont.) (n = 6): rats were fed an CDHCFF diet from days 0 to 3, switched to a normal diet 
from days 4 to 7, and then were sacrificed on day 7; (5) CDHCFF + G2-SUISO-treated group on day 7 (7d_G2) 
(n = 6): rats were fed an CDHCFF diet from days 0 to 3 and then switched to a normal diet from days 4 to 7. At 
the same time, rats were gavaged with 300 mg/kg G2-SUISO from days 0 to 7 before finally being sacrificed on 
day 7. At sacrifice, blood was collected, the liver weight-to-body weight ratio was measured, and the entire liver 
was removed for further analyses.

Figure 5.  Schematic hypothesis of the mechanisms underlying the effects of G2-SUISO for treating 
nonalcoholic steatohepatitis. The beneficial effect of G2-SUISO against hepatic steatosis in NASH elderly 
rats may occur through the inhibition of lipogenesis pathways by reducing SREBP-1c, ACC and FAS gene 
expression, thereby causing a reduction in the hepatic fat accumulation and a significant decrease in total 
cholesterol (TC) levels in serum. The administration of G2-SUISO can decrease lipid peroxidation and pro-
inflammatory cytokines, such as TNF-α, iNOS, CCR-2, IFN-γ, OPN, IL-1β and IL-6, which modulate liver 
damage in CDHCFF diet-fed rats. G2-SUISO might also up-regulated anti-inflammatory molecules, such as 
HO-1, which suppressed NF-κB and inflammatory cytokine expression. G2-SUISO is therefore able to reduce 
the activities of AST and ALT in the serum of NASH elderly rats. Furthermore, G2-SUISO was found to exert 
anti-apoptotic effects as well by down-regulating pro-apoptotic molecules, such as caspase-9, caspase-3 and Bax 
via down-regulation of NF-κB. Overall, this study provides evidence for the beneficial effects of G2-SUISO in 
reversing the progression of NASH in elderly rats.
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Serum was collected from whole-blood samples after standing for 30 min 
at 37 °C and centrifuged at 3000 g for 20 min at 4 °C. The samples were then measured for the AST, ALT, TC 
and TG concentrations with a commercially available kit (Fujifilm, Tokyo, Japan) and an automatic biochemical 
analyzer (DRI-CHEM 3500i; Fujifilm) according to the manufacturer’s instructions.

Liver tissues were cut and fixed in 10% formaldehyde solu-
tion for 48 h and embedded in paraffin for histological analysis. Sections of liver 4-µm-thick were prepared and 
subjected to staining with hematoxylin and eosin (HE) (Muto Pure Chemicals, Tokyo, Japan) for morphologi-
cal analyses to evaluate hepatocyte steatosis, ballooning and inflammatory cell infiltration. For another assess-
ment of inflammatory cell infiltration, the quantification of neutrophils in liver specimens was stained using the 
Naphthol AS-D Chloroacetate Esterase Staining Kit (Muto Pure Chemicals). Slides were then examined by light 
microscopy (OLYMPUS, Tokyo, Japan) in a blind fashion to assess the inflammation state. Histological results 
were quantified using the WinRoof 7.4 software program (Mitani Corporation, Tokyo, Japan) as described 
 previously53.

The frozen liver samples with optimal cutting temperature were cryo-sectioned at 5 µm 
with a cryostat and then stained with Oil Red O working solution (Muto Pure Chemicals) for TG and FFA stain-
ing to evaluate hepatocyte  steatosis54. Results were quantified using the WinRoof 7.4 software program (Mitani 
Corporation) as well.

Immunohistochemical staining was performed on frozen sec-
tions using mouse anti-rat ED1 monoclonal antibody (Bio-Rad, Hercules, CA, USA) and Purified mouse anti-
rat CD3 monoclonal antibody (BD Biosciences, San Diego, CA) as described  previously55.

Total mRNA was extracted from liver tissues using an RNeasy Mini Kit (Qiagen, Valencia, CA, 
USA). Each 0.8-µg aliquot of mRNA was reverse-transcribed to cDNA using a Prime Script RT reagent Kit 
(RR037A; Takara, Shiga, Japan). qRT-PCR was performed by the SYBR® Green system using an Applied Bio-
system PRISM7900 apparatus (Thermo Fisher Scientific, Waltham, MA, USA). The PCR cycle conditions for 
the  SYBR® Green system were 50 °C for 2 min, 95 °C for 2 min, 45 cycles of 95 °C for 15 s and 60 °C for 60 s. 
The comparative cycle threshold (CT) method was used to determine the relative gene expression. The results 
of target genes (Table 1) were normalized by subtracting the CT value of 18S expression. The fold change was 
calculated by a comparative CT method as described  previously56.

Table 1.  Primer sequences and probes used in this study.

Genes Forward  (5 –3 ) Reverse  (5 –3 )

SYBR green PCR system

 IFN-γ GAA AGC CTA GAA AGT CTG AAG AAC GCA CCG ACT CCT TTT CCG CTT CCT 

 IL-6 TGA TGG ATG CTT CCA AAC TG GAG CAT TGG AAG TTG GGG TA

 IL-1β CAC CTT CTT TTC CTT CAT CTTTG GTC GTT GCT TGT CTC TCC TTGTA 

 CCR2 TTC TGG GCT CAC TAT GCT GC AAG GGC CAC AAG TAT GCT GA

 Bax CCA GGA CGC ATC CAC CAA GAAGC TGC CAC ACG GAA GAA GAC CTC TCG 

 Caspase-1 GTG TTG CAG ATA ATG AGG GC AAG GTC CTG AGG GCA AAG AG

 Caspase-3 GGA CCT GTG GAC CTG AAA AA GCA TGC CAT ATC ATC GTC AG

 Bcl-2 GGA TGA CTT CTC TCG TCG CTA CCG T ATC CCT GAA GAG TTC CTC CAC CAC 

 NFκB GCA TGC CAT ATC ATC GTC AG TGC TTC TCT CCC CAG GAA TA

 OB-R TGC CTT GGA GGA CTA TGG GT AGC CCC CTT CAA AGA CGA AG

 ACC GCC TCT TCC TGA CAA ACG AG TCC ATA CGC CTG AAA CAT GA

 SREBP-1c TGG ATT GCA CAT TTG AAG ACAT GCT CCT CTT TGA TTC CAG GC

 FAS CAG CTG TCA GTG TAA AGA AAC ATG TC AGC TCA CGT GCA GTT TAA TTGTG 

 HMGCR CCC AGC CTA CAA ACT GGA AA CCA TTG GCA CCT GGT ACT CT

 SREBP-2 AGA CTT GGT CAT GGG GAC AG GGG GAG ACA TCA GAA GGA CA

 18S ATG AGT CCA CTT TAA ATC CTT TAA CGA CTT TAA TAT ACG CTA TTG GAG CTG GAA 

Genes Forward  (5 –3 ) Reverse  (5 –3 ) Probe

Taqman probe PCR

 TNF-α AAT GGG CTC CCT CTC ATC AGT ACG GGC TTG TCA CTC GAG TT CCA GAC CCT CAC ACT CAG ATC ATC TTC TCA 

 iNOS GGA CAT TAA CAA CAA CGT GGA GAA AAC CAT TTT GAT GCT TGT GAC TCT T TGC TAT TCC CAG CCC AAC AAC ACA GG

 OPN CAA AGT CCA GGA GTT TCC CTGTT CTC TTC ATG CGG GAG GTG A TGA TGA ACA GTA TCC CGA TGC CAC AGAT 

 18S ATC CAT TGG AGG GCA AGT CTG GTG C ATG AGT CCA CTT TAA ATC CTT TAA CGA CTT TAA TAT ACG CTA TTG GAG GCT GGAA 
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Western blot analysis was performed as described  previously20. In brief, frozen 
liver tissues in the five groups were homogenized in RIPA buffer containing 1% protease inhibitor cocktail-1 and 
1% protease inhibitor cocktail-2 (Sigma-Aldrich, St. Louis, MO, USA) followed by centrifugation in a microfuge 
at top speed for 30 min. Protein concentrations were assayed using a Bio-Rad Protein Assay (Bio-Rad). Samples 
were separated by electrophoresis on 10% polyacrylamide gels and transferred to Immobilon-PVDF (Bio-Rad). 
The membranes corresponding to the molecule of interest were cut out prior to hybridization with the antibody. 
After brief incubation with 5% non-fat milk to block non-specific binding, membranes were exposed over-
night at 4 °C to specific caspase-1, caspase-3, caspase-9 and nuclear factor-κB (NF-κB). Protein expression was 
quantified by a laser densitometric analysis of the radiographic film using the ImageJ software program (NIH, 
Bethesda, MD, USA). The protein normalization was performed using β-actin as internal loading control.

The GraphPad Prism 9 software program (GraphPad, San Diego, CA, USA) was 
used to calculate statistical significance. Student’s t-test was used for unpaired data. Data are expressed as the 
mean ± standard deviation (SD). A value of p < 0.05 was considered to be statistically significant (*p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001).

The datasets that support the findings of this study are available from the corresponding author on reasonable 
request.
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１．研究概要（1）
1）目的（Goal）
i. To investigate whether nicaraven can attenuate radiation-induced injury of lung stromal cells (LSCs).
ii.To understand the relevant molecular mechanisms on nicaraven for attenuating radiation-induced injury of LSCs.
2）戦略（Approach）
   C57BL/6 mice (9-week old) were exposed to 6 Gy X-ray thoracic radiation per day for 5 days (cumulative dose of 30 Gy) and
nicaraven (50 mg/kg) or saline was injected intraperitoneally in 5 min after each radiation exposure. At 6 day (acute phase) or 14
days (subacute phase), we collected lung tissues and cultured as “explants” to grow LSCs, and further evaluated the quality and
quantity of LSCs.
3）材料と方法（Materials and methods）
1. Ex vivo expansion of LSCs from mouse lung tissue "explants".
   MSCs were expanded using a method as previously desrcibed (Figure 1B).
2. Detection of characterization of LSCs.
   IF stainging was performed to detect the expression levels of CD90,CD105,Pro-SPC,F4/80 in LSCs.
3. Evaluation of DNA damage of LSCs.
   To evaluate the DNA damage of LSCs,the expression levels of γ-H2AX and CD90 were estimated by   immunostaining.
4. Evaluation of paracrine mechanisms of LSCs.
   ELISA was used to detect the growth factors of HGF,VEGF,SDF-1a and inflammatory factors of IL-1β CCL2, TNF-1a in
conditioned medium from the supernatents of one passaged LSCs.
4）実験結果（Results）
4.1 Nicaraven attenuates radiation-induced changes on the number and phenotype of LSCs
   We sacrificed mice and took lung tissue for experiments at the acute and subacute phases (Figure 1A). Our data showed that the
irradiated lungs produced a significantly lower number of LSCs compared to healthy lungs after culture at the acute and subacute
phases, which was significantly mitigated by nicaraven administration. To examine whether ionizing radiation would change the
phenotypic characterization of LSCs. Of the acute phase, compared to the CON group, these LSCs in the IR group expressed
significantly lower Pro-SPC, CD90, and CD105 (p<0.01; Figure 2D); but higher F4/80 (p<0.01; Figure 2D). However, LSCs in the IR+N
group significantly expressed higher Pro-SPC, CD90, CD105 (p<0.01; Figure 2D), and lower F4/80 (p<0.01; Figure 2D) than that of the
IR group. Of the subacute phase, LSCs in the IR group also showed lower expression of Pro-SPC, CD90, CD105 (p<0.01; Figure 2D),
but higher expression of F4/80 (p<0.01; Figure 2D) than that of the CON group. However, LSCs in the IR+N group expressed
significantly higher Pro-SPC, CD90, and CD105 (p<0.01; Figure 2D) but lower F4/80 (p<0.01; Figure 2D) compared to the IR group.
4.2 Nicaraven significantly attenuates radiation-induced changes in the factors production of LSCs
   We examined the levels of related cytokines in the conditioned medium. Compared with these LSCs from the healthy lungs, LSCs
from the irradiated lungs produced significantly less HGF, VEGF, and SDF-1α in the conditioned medium (p<0.01). However, all these

changes of HGF, VEGF, and SDF-1α released by LSCs from the irradiated lungs were significantly mitigated by nicaraven

administration at the acute and subacute phases (p<0.01). We detected the contents of IL-1β, TNF-α, and CCL2 in the conditioned

medium. Compared with the healthy controls, the contents of IL-1β and TNF-α released by LSCs from irradiated lungs were
significantly increased in the conditioned medium (p<0.01), which were partially mitigated by nicaraven administration at the acute
phase. Similarly, LSCs from irradiated lungs at the subacute phase produced more IL-1β, TNF-α, and CCL2 in the conditioned
medium (p<0.01) but significantly attenuated by nicaraven administration (p<0.01 ).
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4.3 Nicaraven significantly attenuates radiation-induced DNA damage of CD90-positive LSCs
   Immunofluorescence staining was performed to detect the formation of γ-H2AX foci in LSCs (Figure 4A). Quantitative data
showed that the percentage of γ-H2AX-positive LSCs was not significantly changed in the IR group than the CON group. However,
the percentage of γ-H2AX-positive LSCs was significantly higher in the IR+N group compared to the IR group at the acute and
subacute phases (p<0.05; Figure 4B). We further detected the formation of γ-H2AX foci in CD90-positive LSCs. Quantitative data
indicated that the percentage of γ-H2AX foci in CD90-positive LSCs was significantly higher in the IR group compared to the CON
group, at either the acute phase (p<0.01; Figure 4C) or the subacute phase (p<0.01; Figure 4C). Interestingly, the percentage of
CD90-positive LSCs with γ-H2AX foci was significantly lower in the IR+N group compared to the IR group, at either the acute
(p<0.01; Figure 4C) and subacute (p<0.01; Figure 4C) phases. These results indicated that nicaraven administration significantly
reduced radiation-induced DNA damage of CD90-positive LSCs.

5）考察（Discussion）
     The use of radiation therapy to treat cancer inevitably involves exposure of normal tissues. Which can damage tissue
homeostasis. Mesenchymal stromal cells (MSCs) residing in the lung are highly susceptible to radiation and are known to play critical
roles in tissue homeostasis. In this study, we tried to primarily MSCs from lung tissues “explants” and then investigated whether
nicaraven can attenuate the radiation-induced injury of MSCs, mainly focusing the quantity and quality of MSCs after nicaraven
administrations. Our data indicated that nicaraven administration significantly restored the outgrowth of MSCs and their altered
phenotypes caused by radiation exposure, clearly attenuated the radiation-induced DNA damage of MSCs. Besides these, nicaraven
administration significantly increased the production of HGF,VEGF, SDF-1a, IL-6 and decreased the levels of TNF-a, CCL2 in the
conditioned medium, suggesting the effectiveness of nicaraven for attenuating radiation-induced injury of MSCs.
    High ionizing radiation induces directly DNA double-strand breaks and triggers the release of ROS. The level of ROS overwhelms
can cause DNA damage. Nicaraven has been well recognized on radical-specific scavenging properties and can attenuate radiation-
induced DNA damage of lung tissue cells. we herein found that nicaraven can attenuate DNA damage of lung cells, especially the
CD90-positive mesenchymal stromal cells.
    Repair of damaged tissues is a fundamental biological mechanism that allows the ordered replacement of dead or damaged cells
after injury. Over the last few decades, advances have been reported in the use of mesenchymal stromal cells (MSCs) for lung tissue
repair and regeneration. MSCs are highly metabolically active and their secretome gives rise to the same effects commonly described
for the cells themselves. MSCs not only replace damaged lung epithelial cells but also promote tissue repair through the secretion of
chemokines, cytokines, growth factors and paracrine molecules.
   Indeed, there are some limitations in this study. First, we only investigated the radiation-induced injury in lung stromal cells, a
mixed cell population, because all types of stromal cells could be outgrew naturally from lung tissue “explants”. Secondly, we were
interested to detect the quality of CD90- or CD105-positive resident mesenchymal stem cells, but it is technically difficult for us to
get enough pure CD90- or CD105-positive cells from the lungs of mice for experiments, especially the irradiated lungs.
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Hyperoxia but not high tidal volume 
contributes to ventilator‑induced lung injury 
in healthy mice
Yong Xu1,2, Yu Li3, Da Zhai1,2, Chen Yan1,2, Jingyan Liang4, Taiga Ichinomiya5, Tetsuya Hara5, 
Chiaki Inadomi5* and Tao‑Sheng Li1,2* 

Abstract 

Background  Mechanical ventilation is a supportive therapy used to maintain respiratory function in several clini‑
cal and surgical cases but is always accompanied by lung injury risk due to improper treatment. We investigated 
how tidal volume and oxygen delivery would contribute independently or synergistically to ventilator-induced lung 
injury (VILI).

Methods  Under general anesthesia and tracheal intubation, healthy female C57BL/6 N mice (9 weeks old) were 
randomly ventilated for 2 h by standard (7 ml/kg) or high (14 ml/kg) tidal volume at positive end-expiratory pressure 
(PEEP) of 2 cmH2O, with room air, 50% O2 (moderate hyperoxia), or 100% O2 (severe hyperoxia); respectively. Mice 
were sacrificed 4 h after mechanical ventilation, and lung tissues were collected for experimental assessments on lung 
injury.

Results  Compared with the healthy control, severe hyperoxia ventilation by either standard or high tidal volume 
resulted in significantly higher wet-to-dry lung weight ratio and higher levels of IL-1β and 8-OHdG in the lungs. 
However, moderate hyperoxia ventilation, even by high tidal volume did not significantly increase the levels of IL-1β 
and 8-OHdG in the lungs. Western blot analysis showed that the expression of RhoA, ROCK1, MLC2, and p-MLC2 
was not significantly induced in the ventilated lungs, even by high tidal volume at 2 cmH2O PEEP.

Conclusion  Severe hyperoxia ventilation causes inflammatory response and oxidative damage in mechanically venti‑
lated lungs, while high tidal volume ventilation at a reasonable PEEP possibly does not cause VILI.

Keywords  Mechanical ventilation, Tidal volume, Oxidative damage, Inflammatory response, Mechanotransduction
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Introduction
Every year over 800,000 critically ill patients require 
mechanical ventilation in the United States [1]. Although 
mechanical ventilation provides essential life support, can 
also induce or aggravate lung injury by causing ventilator-
induced lung injury (VILI) [2]. Mechanical ventilation 
strategies for reducing VILI in patients with apparent pul-
monary diseases are well known: low tidal volume to limit 
overdistention, optimal oxygen level to prevent hyper-
oxia, and high positive end-expiratory pressure (PEEP) 
to prevent injury from low lung volume (atelectrauma) 
and alveolar collapse [3–5]. Mechanical ventilation is also 
often applied to patients with shock [6, 7], general anes-
thesia cases [8], respiratory arrest [9], and so on. Previ-
ous studies have attempted to optimize tidal volume and 
oxygen level to alleviate VILI in patients without appar-
ent pulmonary diseases [3, 10–12]. However, the optimal 
mechanical ventilation strategy for cases without appar-
ent pulmonary diseases is still uncertain.

Excessive high tidal volume ventilation can result 
in oxidative stress-induced damage, recruitment of 
neutrophils, and local release of inflammatory media-
tors in lungs [13, 14]. VILI involves direct tissue dam-
age due to high mechanical stretch and indirect tissue 
damage by transducing mechanical stress to activate 
specific intracellular pathways involved in “mecha-
notransduction” in lung cells. Previous studies have 
demonstrated the critical role of mechanotransduc-
tion signaling pathways, mainly including Rho-associ-
ated protein kinase (ROCK) signaling pathway in VILI. 
Rho GTPases are signaling G proteins that are distrib-
uted across the lower surface of the cell and regulate 
cytoskeletal dynamics by controlling actin polymeriza-
tion and myosin II-mediated contraction [15, 16].

Oxygen administration is important for preventing or 
correcting hypoxemia. Exposure to hyperoxia is a rec-
ognized cause of lung injury, producing histopathologic 
changes similar to those seen in VILI, including oxida-
tive stress and inflammatory response [17–19]. Oxida-
tive damage is mediated by reactive oxygen species (free 
radicals) derived directly from molecular oxygen. The 
accumulation of free hydroxyl radicals and peroxynitrite 
results in the oxidation of proteins and peroxidation of 
membrane lipids and nucleic acids [20, 21]. Despite the 
near-ubiquitous concomitant use of mechanical ven-
tilation and oxygen delivery, little is known about the 
independent and synergistic effects of tidal volume and 
oxygen delivery on VILI underlying healthy lungs.

In this study, we purposed to investigate how tidal 
volume and oxygen delivery would independently or 
synergistically contribute to VILI, mainly focusing on 
the inflammatory response and oxidative damage in 
the lungs.

Materials and methods
Animals
Nine weeks old female C57BL/6 N mice (19-22 g, CLEA, 
Japan) were used for the study. Mice were housed in 
a pathogen-free room with a controlled environment 
under a 12-h light-dark cycle and maintained on labora-
tory chow, with free access to food and water as previ-
ously described [22]. This study was approved by the 
Institutional Animal Care and Use Committee of Naga-
saki University (No.1608251335-12). All animal proce-
dures were performed in accordance with institutional 
and national guidelines.

Mechanical ventilation protocol
Mice were anesthetized with intraperitoneal injection 
of domitor (0.75  mg/kg), midazolam (4  mg/kg), vetor-
phale (5  mg/kg), and then orotracheally intubated with 
a 20  g intravenous indwelling catheter and attached to 
a mini ventilator (MiniVent Type 845, Harvard Appa-
ratus, USA). Mice were randomized to be ventilated by 
standard tidal volume (7 ml/kg) [23, 24] or high tidal 
volume (14 ml/kg); respectively with room air (21% 
O2), 50% O2 (FIO2 = 0.5, moderate hyperoxia), or 100% 
O2 (FIO2 = 1.0, severe hyperoxia) for 2  h (Fig.  1A). The 
ventilation rate was 120 breaths/min. We used 2 cmH2O 
PEEP in the official experiments, but high tidal volume 
ventilation with room air (21% O2) at 10  cm and 20 
cmH2O PEEP were also tested for inducing lung injury. 
Non-ventilated mice under general anesthesia with 
spontaneous breathing were used as controls and were 
kept on spontaneous breathing for 6 h before being sac-
rificed. Body temperature was maintained using a 37 °C 
heating pad.

Tissue sampling
Mice were sacrificed at 4  h after mechanical ventilation 
(Fig.  1A). After flushing with PBS via right ventricle to 
remove the blood, the lungs were extracted and weighed. 
The left lobe was fixed with 4% paraformaldehyde for 
paraffin sections. The right superior lobe was used for 
measuring the wet-to-dry lung weight ratio. The other 
lobes of the right lung tissue samples were stored under 
− 80˚C, and used for other experimental analyses.

Lung wet‑to‑dry weight ratio
The wet-to-dry lung weight ratio is widely used as a 
parameter for the assessment of pulmonary edema. 
The freshly extracted lung tissue sample of the right 
superior lobe was weighed and recorded as the wet 
weight. After the incubation in an oven at 80  °C for 
24 h, the dried tissue sample was weighed and recorded 
as dry weight. The wet-to-dry lung weight ratio was 
calculated.
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Immunohistochemical analysis
The oxidative injury of the lungs was detected by immu-
nohistochemical analysis as previously described [22]. 
Briefly, paraffin sections of 5-µm-thick were deparaffinized 
and rehydrated. After antigen retrieval and blocking, sec-
tions were incubated with anti-mouse 8-OHdG antibody 
(1:100 dilution, Santa Cruz) overnight at 4℃, and followed 
by the appropriate fluorescent-conjugated secondary anti-
bodies at 25  °C for 60 min. The nuclei were stained with 
4, 6-diamidino-2-phenylindole (DAPI) (1:1000 dilution, 
Life technologies). The positive staining was examined 
under fluorescence microscope (FV10CW3, OLYMPUS). 
The percentage of 8-OHdG-positive cells was calculated 
from 12 randomly selected fields of view (6 fields/slide in 2 
slides) and used for statistical analysis.

ELISA
To evaluate the inflammatory response, ELISA kits (R&D 
Systems) were used to detect the contents of transform-
ing growth factor β1 (TGF-β1) and interleukin-1beta 
(IL-1β) in lung tissue lysates as previously described 
[25]. Briefly, the lung tissues were homogenized using 
Multi-beads shocker® and added to the T-PER reagent 
(Thermo Fisher Scientific) consisting of proteinase and 
dephosphorylation inhibitors (Thermo Fisher Scien-
tific). Lung tissue lysates (100 µg protein) were added to 
each well and measured following the manufacturer’s 
instructions. The optical density was measured at 450 nm 

using a microplate reader (Multiskan Fc, Thermo Fisher 
Scientific).

RT‑qPCR analysis
RT-qPCR was performed to evaluate the gene expres-
sion of Rhoa, Rock1, Rock2, Tgfb1 and Actb. Briefly, total 
RNA was isolated from the lung tissues using Quick-
RNATMMicroPrep Kit (Zymo Research, Irvine, CA, 
USA). RNA concentration and purity were measured by 
a NanoDrop2000 spectrophotometer (Thermo-Fisher 
Scientific, Wal-tham, MA, USA) and 1.25 µg RNA was 
reverse‐transcribed using the SuperScript™ VILO™ 
cDNA Synthesis Kit (Thermo‐Fisher Scientific). Quan-
titative PCR was carried out with the SYBR Green 
real‐time PCR Master Mix (Toyobo, Osaka, Japan). 
The reactions were performed on a CFX96TM real‐
time PCR System (Bio‐Rad). The gene expression was  
normalized by housekeeping gene Actb. Primers were 
the following: Rhoa (Forward: 5’- TGC​TTG​CTC​ATA​
GTC​TTC​A-3’, Reverse:5’-CCA​ACT​CTA​CCT​GCT​TCC​
-3’); Rock1 (Forward: 5’- AGC TTT TGT​TGG​ CAA 
TCA GC -3’, Reverse:5’- ACT TTC CTG​CAA​ GCT TTT 
ATC CA -3’); Rock2 (Forward: 5’- CAG​TCC​ CTG GGT 
AGT TCA GC -3’, Reverse:5’- GCC​TGG​ CAT ATA​
CTC​CATC-3’); Tgfb1 (Forward:5’-ATT​CCT​GGC​GT 
T​ACC​TTG​-3’, Reverse:5’-CTG​TAT​TCC​GTC​TCC​TTG​
G-3’); Actb (Forward:5’-GCA​CCA​CAC​CTT​CTA​CAA​
-3’, Reverse:5’-TAC​GAC​CAG​AGG​CAT​ACA​-3’).

Fig. 1   Lung weight and wet-to-dry lung weight ratio. A. Schematic diagram about the experimental timeline. Lung weight (B) and wet-to-dry lung 
weight ratio (C) are shown. Data are represented as the means ± SD, n = 3 ~ 5 in each group. *p < 0.05, **p < 0.01 vs. Ctr group. VT: tidal volume
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Western blot
Western blot was performed as previously described 
[22]. Total proteins (30 ug) from lung tissue were sepa-
rated by SDS-PAGE gels and then transferred to 0.22-
µm PVDF membranes (Bio-Rad). After blocking, the 
membranes were incubated with primary antibodies 
against RhoA (1:1000 dilution; cat. no. 2117s; CST), 
ROCK1 (1:1000 dilution; ab156284; Abcam), MLC2 
(1:1000 dilution; cat. no. 3672s; CST), p-MLC2 (1:1000 
dilution; cat. no. 3671s; CST), 8-OHdG (1:500 dilution; 
sc-393,871; Santa Cruz), or α-Tubulin (1:1000 dilution; 
cat. no. 3873 S; CST) overnight at 4˚C, respectively; fol-
lowed by the appropriate horseradish peroxidase-con-
jugated secondary antibodies (Dako). The expression 
was visualized using an enhanced chemiluminescence 
detection kit (Thermo Scientific). Semiquantitative 
analysis was done using ImageQuant LAS 4000 mini 
(GE Healthcare Life Sciences). Additional file  1 is the 
original WB image in the manuscript.

Statistical analysis
Statistical analysis was performed as previously 
described [25]. All the values were presented as the 
mean ± SD. For comparison of multiple sets of data, 
one-way analysis of variance (ANOVA) followed by 
Tukey’s test (Dr. SPSS II, Chicago, IL) was used for sta-
tistical analyses. All analyses were carried out with the 
SPSS19.0 statistical software (IBM SPSS Co., USA). A 
p-value less than 0.05 was accepted as significant.

Results
Mechanical ventilation with severe hyperoxia at 2 cmH2O 
PEEP significantly induces lung injury
All mice survived in the official experiments (Fig. 1A). 
Our data showed that lung weight in severe hyperoxia 
ventilation with standard or high tidal volume were 
increased significantly (p < 0.05 vs. control; Fig.  1B). 

Similarly, severe hyperoxia ventilation significantly 
increased the wet-to-dry lung weight ratio, regardless 
of standard or high tidal volume (p < 0.01 vs. control; 
Fig. 1C).

ELISA was performed to detect the levels of IL-1β 
and TGF-β1. IL-1β level in the lungs was significantly 
increased by severe hyperoxia ventilation with either 
standard or high tidal volume (p < 0.05 or p < 0.01 vs. 
control; Fig.  2A). However, moderate hyperoxia ven-
tilation, even by high tidal volume for 2 h did not sig-
nificantly increase the IL-1β level in lungs (Fig.  2A). 
Consistent with previous study [26], TGF-β1 level was 
not significantly changed in the ventilated lungs com-
pared with the control (Fig. 2B).

Oxidative stress can damage macromolecules such as 
DNA, lipids, and proteins, and 8-OHdG is a marker of 
oxidative damage to DNA and RNA [27]. Immunohis-
tochemical analysis of lung tissues showed that severe 
hyperoxia, not moderate hyperoxia ventilation with 
high or standard tidal volume significantly increased 
the expression of 8-OHdG in the lungs (p < 0.01 vs. con-
trol; Fig.  3A). Moreover, Western blot also confirmed 
the enhancement of 8-OHdG in the ventilated lungs 
with severe hyperoxia (p < 0.01 vs. control; Fig. 3B).

Relatively high tidal volume ventilation at 2 cmH2O PEEP 
does not clearly induce lung injury
Previous studies have reported that excessive high tidal 
volume (> 25 ml/kg) ventilation can independently lead 
to lung injury [4, 28]. In this study, a relatively high 
tidal volume (14 ml/kg, double of standard) ventilation 
at 2 cmH2O PEEP for 2 h did not significantly increase 
the wet-to-dry lung weights ratio, as well as the levels 
of IL-1β and 8-OHdG in the lungs (Figs. 2 and 3). This 
suggests inconspicuous damage in the lungs.

We further tried to evaluate whether high tidal vol-
ume ventilation induced the activation of mecha-
notransduction signaling in the lungs. Western blot 
analysis showed that the expression of RhoA, ROCK1, 

Fig. 2   The levels of IL-1β and TGF-β1 in lung tissues. ELISA data on the levels of IL-1β (A) and TGF-β1 (B) in lungs are shown. Data are represented 
as the means ± SD, n = 3 ~ 5 in each group. *p < 0.05, **p < 0.01 vs. Ctr group. VT: tidal volume
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MLC2, and p-MLC2 was not significantly increased 
in the ventilated lungs even by high tidal volume at 
2 cmH2O PEEP (Fig.  4). RT-qPCR analysis also con-
firmed that the expression of Rhoa, Rock1, Rock2, and 
Tgfb1 was not significantly enhanced in the ventilated 
lungs (Fig. 5).

Maintaining some amount of PEEP is essential for 
patients receiving mechanical ventilation [29]. Because 
our data showed a non-injurious setting for high tidal 
volume ventilation at 2 cmH2O PEEP, we then tested 

whether VILI would be detectable clearly at higher PEEP. 
Mice were assigned to be ventilated with high tidal vol-
ume (14 ml/kg) with room air at 10 or 20 cmH2O PEEP 
for 2 h. All mice survived well during mechanical ventila-
tion, but one mouse died at 1 h after mechanical ventila-
tion at 20 cmH2O PEEP. Our data showed that high tidal 
volume ventilation at 10 or 20 cmH2O PEEP resulted in 
higher wet-to-dry lung weight ratio and enhanced the 
expression of IL-1β, TGF-β1, and 8-OHdG in the lungs 
(Supplementary Fig. 1). However, the expression of Rhoa, 

Fig. 3   The expression of 8-OHdG in lung tissues. A Representative confocal images (left) and quantitative data (right) of 8-OHdG-positive cells 
in lung tissues. B Representative blots (left) and quantitative data (right) on the expression of 8-OHdG in lungs. Data are normalized to α-tubulin 
and represented as the means ± SD, n = 3 ~ 5 in each group. **p < 0.01 vs. Ctr group. VT: tidal volume. Additional file 1 is the original WB image 
in the manuscript

Fig. 4   Western blot analysis on the expression of RhoA, ROCK1, MLC2, and p-MLC2 in lungs. Representative blots (left) and quantitative data (right) 
on the expression of RhoA (A), ROCK1 (B), MLC2 (C), and p-MLC2 (D). Data are normalized to α-tubulin and represented as the means ± SD, n = 3 ~ 5 
in each group. VT: tidal volume. Additional file 1 is the original WB image in the manuscript

-282-



Page 6 of 8Xu et al. BMC Pulmonary Medicine          (2023) 23:354 

Rock1, and Rock2 in the lungs kept stable or even slightly 
decreased at 4 h after high tidal volume ventilation at 10 
or 20 cmH2O PEEP (Supplementary Fig. 2).

Discussion
Mechanical ventilation-associated lung injury is a com-
mon clinical complication in critically ill patients. Une-
quivocal evidence suggests that excessive mechanical 
ventilation and hyperoxia have the potential to aggravate 
and precipitate lung injury in patients without appar-
ent pulmonary diseases [3, 10–12]. In this study, we also 
found that severe hyperoxia ventilation clearly induced 
lung injury. In contrast, lung injury was not clearly 
detectable with moderate hyperoxia ventilation with a 
relatively high tidal volume at 2 cmH2O PEEP.

The levels of oxygen commonly used clinically, rang-
ing from 50 to 100% in one atmosphere, are potentially 
toxic, and these patients risk exacerbation of underly-
ing lung injury. Previous studies have demonstrated 
that hyperoxia augments lung injury from excessive 
high tidal volume ventilation in rabbits [30], in rats 
[31], and in ex  vivo mouse lungs [32]. Although the 
tolerances to oxygen toxicity may be a little different 
between mice and human beings, healthy mice are 
still commonly used for experimental investigation of 

VILI. In this study, severe hyperoxia (100% O2) ventila-
tion for 2 h significantly increased the wet-to-dry lung 
weight ratio, as well as IL-1β and 8-OHdG levels in 
the lungs, suggesting VILI. However, moderate hyper-
oxia (50% O2) ventilation did not significantly induce 
lung injury, even with high tidal volume. Moreover, we 
did not detect significant changes in TGF-β1 expres-
sion. We speculated that mechanical ventilation with 
relative high tidal volume (14 ml/kg) at 2 cmH2O PEEP 
for 2 h might not able to activate the TGF-β signaling 
pathway [26].

According to previous studies [28, 30], excessive high 
tidal volume (> 25ml/kg) ventilation is associated with 
the increased release of inflammatory cytokines and 
exacerbated oxidative damage. As this study is pur-
posed to investigate VILI in patients without apparent 
pulmonary diseases, we only tested a relatively high 
tidal volume (14 ml/kg, double of standard). Based 
on the levels of IL-1β, TGF-β1 and 8-OHdG in the 
lungs, high tidal volume ventilation with air or moder-
ate hyperoxia at 2 cmH2O PEEP for 2 h did not clearly 
induce serious injuries to the lungs. As shown in the 
supplemental data, to confirm that the negative data 
would not be a technical problem of assessment, we 
used several mice to test high tidal volume ventilation 

Fig. 5   RT-PCR analysis on the expression of Rhoa, Rock1, Rock2, and Tgfb1 in lungs. Quantitative RT-PCR data shows the relative expression of Rhoa 
(A), Rock1 (B), Rock2 (C), and Tgfb1 (D) in lungs. Data are represented as the means ± SD, n = 3 ~ 5 in each group. VT: tidal volume
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with room air at very high PEEP. Our data showed that 
high tidal volume ventilation with room air at very 
high PEEP (> 10 cmH2O) increased the levels of IL-1β, 
TGF-β1, and 8-OHdG in lungs, indicating VILI. There-
fore, short-term ventilation with high tidal volume 
(14 ml/kg) at a low/physiological level of PEEP will be 
harmless.

In conditions of excessive mechanical overdisten-
sion, animal models have shown different signaling 
pathways involved in the induction of lung injury 
through mechanical transduction, including RhoA/
ROCK signaling, and the MLC phosphorylation of 
downstream targets of ROCK [15, 16]. Although a rel-
atively high tidal volume (14 ml/kg) ventilation did not 
cause obvious lung injury in our study, we were still 
interested to know about the activation of the mecha-
notransduction signalings in the lungs. Unexpectedly, 
the expression of RhoA, ROCK1, MLC2, and p-MLC2 
was not significantly changed in the lungs venti-
lated with a relatively high tidal volume at 2 cmH2O 
PEEP. Furthermore, the expression of Rhoa, Rock1, 
and Rock2 in the lungs even slightly decreased at 4 h 
after high tidal volume ventilation at 10 or 20 cmH2O 
PEEP, although lung injuries were clearly detectable. 
Several reasons can be considered about the “inacti-
vation” of mechanotransduction signalings in lungs in 
our study. Firstly, it is difficult to detect changes in the 
expression of RhoA, ROCK, and MLC2 in lungs [33, 
34]. Secondly, we collected the lung tissues at 4 h after 
mechanical ventilation administration, which might 
be not a suitable time window for sensitive detection 
about the changes of p-MLC2 according to previous 
reports [35, 36]. Thirdly, the anesthetic midazolam 
we used is a common central muscle relaxant, which 
might interfere with the activation of mechanotrans-
duction signaling.

There are some limitations in our study. Firstly, it is 
necessary to include experimental groups of spontane-
ous breathing with high FIO2 for validating the oxygen 
toxicity to the lungs. Secondly, as this study was origi-
nally designed to investigate the synergistic effect of 
high tidal volume and hyperoxia in VILI, we only evalu-
ated the inflammatory response by IL-1β and TGF-β 
levels. Thirdly, we were also not able to include more reli-
able parameters on VILI defination, such as respiratory 
mechanics and histological findings.

Conclusions
Severe hyperoxia ventilation causes inflammatory 
response and oxidative damage in mechanically venti-
lated lungs, while high tidal volume ventilation at a rea-
sonable PEEP possibly does not cause VILI.
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Introduction
Radiotherapy is an essential tool for the treatment 
of intrathoracic malignancies, including lung, 
breast, and esophageal cancers.1,2 Exposure of 
healthy tissues to radiation and the toxicity it 
causes often limits its effectiveness and decreases 
the survival benefit of radiotherapy. Beyond the 
systemic side effects, radiation-induced lung 
injury (RILI) is a serious obstacle to patients 
receiving radiotherapy for thoracic malignant 
tumors.3,4 RILI occurs in 5–20% of lung cancer 
patients receiving radiotherapy, which may lead 
to the discontinuation of treatment. However, 

there are still no effective drugs and protective 
strategies to prevent radiation side effects in can-
cer patients undergoing radiotherapy.

It is well known that ionizing radiation induces 
directly DNA double-strand breaks and triggers 
the release of ROS.5 The level of ROS over-
whelms can cause oxidative damage to DNA, 
lipids, and proteins.6 Although radiotherapy is a 
local therapy, it has systemic effects mainly influ-
encing immune and inflammation processes.7 
Moreover, it has been demonstrated that radia-
tion-induced injuries to tissue cells can promote 

Optimization on the dose and time of 
nicaraven administration for mitigating the 
side effects of radiotherapy in a preclinical 
tumor-bearing mouse model
Yong Xu, Lina Abdelghany, Reiko Sekiya, Da Zhai, Keiichi Jingu and Tao-Sheng Li

Abstract
Objective: Radiation-induced lung injury (RILI) is one of the serious complications of 
radiotherapy. We have recently demonstrated that nicaraven can effectively mitigate RILI in 
healthy mice. Here, we further tried to optimize the dose and time of nicaraven administration 
for alleviating the side effects of radiotherapy in tumor-bearing mice.
Methods and results: A subcutaneous tumor model was established in the back of the chest 
in C57BL/6N mice by injecting Lewis lung cancer cells. Therapeutic thoracic irradiations were 
done, and placebo or different doses of nicaraven (20, 50, 100 mg/kg) were administrated 
intraperitoneally pre-irradiation (at almost 5–10 min before irradiation) or post-irradiation 
(within 5 min after irradiation). Mice that received radiotherapy and nicaraven were sacrificed 
on the 30th day, but control mice were sacrificed on the 15th day. Serum and lung tissues 
were collected for evaluation. Nicaraven significantly decreased the level of CCL8, but did 
not clearly change the levels of 8-OHdG, TGF-β, IL-1β, and IL-6 in serum. Besides these, 
nicaraven effectively decreased the levels of TGF-β, IL-1β, and SOD2 in the lungs, especially 
by post-irradiation administration with the dose of 20 mg/kg. Although there was no significant 
difference, the expression of SOD1, 53BP1, and caspase 3 was detected lower in the lungs of 
mice received nicaraven post-irradiation than that of pre-irradiation.
Conclusion: According to our data, the administration of nicaraven at a relatively low dose 
soon after radiotherapy will be recommended for attenuating the side effects of radiotherapy.
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the release of a multitude of inflammatory 
cytokines and chemokines, which indirectly con-
tribute to the consequent damage to cells and tis-
sues and eventually culminate in fibrotic 
changes.8–10 Therefore, the scavenging of ROS 
and the suppression of the inflammatory response 
are thought to be potential pharmacological 
interventions for mitigating the side effects of 
radiotherapy.

Many past studies have challenged to develop 
radioprotective agents. Thiol-synthetic com-
pounds, such as amifostine has been approved to 
use clinically for protecting against radiation 
injury, however, amifostine has the disadvan-
tages of toxicity and limited route of administra-
tion in the clinic.11 Nitrogen oxides, such as 
Tempol, have also been tested as a radioprotect-
ant, but its application is limited due to problems 
on producing hypotension and increasing heart 
rate.12 Some natural antioxidants, such as vita-
min E and selenium have also shown radiopro-
tective effects, but the benefit of antioxidants for 
cancer radiotherapy is asked to be further con-
firmed because of the probable effect on radio-
sensitivity of cancer cells.12,13 Therefore, there is 
still required to develop an ideal agent for miti-
gating the side effects of radiotherapy for cancer 
patients.

Nicaraven, a chemically synthesized hydroxyl 
radical-specific scavenger,14 has previously been 
reported to protect against radiation-induced 
cell death.14,15 Nicaraven can also reduce the 
radiation-induced recruitment of macrophages 
and neutrophils into irradiated lungs.16 
Moreover, we have recently demonstrated that 
nicaraven can also effectively protect against 
RILI by suppressing the inflammatory 
response.17 To further develop for clinical appli-
cation, we herein aim to optimize the dose and 
time of nicaraven administration for attenuating 
the side effects of radiotherapy.

Using a preclinical tumor-bearing mice model, 
we administered different doses of nicaraven, 
before or soon after thoracic irradiations. We then 
evaluated the systemic side effects and RILI, 
mainly by focusing on oxidative stress and inflam-
matory responses. According to our experimental 
data, the administration of nicaraven at a rela-
tively low dose soon after radiotherapy will be 
recommended for attenuating the side effects of 
radiotherapy.

Materials and methods

Cancer cells and animals
Mouse Lewis lung cancer (LLC) cells were used 
for the experiments. The cells were maintained in 
DMEM (FUJIFILM Wako Pure Chemical 
Corporation), supplemented with 10% fetal 
bovine serum (Cytiva) and 1% penicillin/strepto-
mycin (Gibco; Thermo Fisher Scientific, Inc.), 
and cultured at 37°C in a humidified incubator 
with 5% CO2.

Male C57BL/6N mice (8 weeks old) were used 
for the study. Mice were housed in a pathogen-
free room with a controlled environment under a 
12-h light-dark cycle and maintained on labora-
tory chow, with free access to food and water. 
This study was approved by the Institutional 
Animal Care and Use Committee of Nagasaki 
University (No.1608251335-12). All animal pro-
cedures were performed in accordance with insti-
tutional and national guidelines.

Tumor-bearing mouse model, radiotherapy, 
and nicaraven administration
To match the pathological status of cancer 
patients, we used a preclinical tumor-bearing 
model for the experiment. Briefly, mice were sub-
cutaneously inoculated with 5 × 105 LLC 
cells/0.1 ml of saline in the back of the chest. At 
10 days after cancer cell inoculation, mice had 
randomly received radiotherapy and nicaraven 
administration as indicated in Figure 1(a). 
Considering the common clinical radiotherapy 
regimen for lung cancer and breast cancer,18,19 
thoracic irradiations (including the heart and 
lungs) were delivered to mice at a dosage rate of 
1.0084 Gy/min (200 kV, 15 mA, 5 mm Al filtra-
tion, ISOVOLT TITAN320, General Electric 
Company, United States). Mice were intraperito-
neally injected with 0 (placebo), 20, 50, 100 mg/
kg nicaraven pre-irradiation (almost 5–10 min 
before irradiation) or post-irradiation (within 
5 min after irradiation), respectively. Six mice 
without irradiation exposure were used as control 
(n = 6, Control group).

We measured the body weights of mice every 
other day. Mice that received radiotherapy and 
nicaraven were sacrificed on the 30th day, but the 
control mice were sacrificed on the 15th day. To 
collect serum, we took the blood from the inferior 
vena cava of mice under general anesthesia before 
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sacrifice. Lung tissues were then excised and 
weighed. The collected serum and lung tissue 
samples were stored under −80°C, and used for 
experimental evaluations as follows.

ELISA
We measured the concentrations of 8-oxo-29-de-
oxyguanosine (8-OHdG), a marker of DNA oxi-
dation in serum using an ELISA kit (Nikken 
SEIL Corporation, Shizuoka, Japan) according to 
the manufacturer’s instructions. The mean values 
of duplicate assays with each sample were used 
for the statistical analyses.

ELISA kits (R&D Systems) were used to detect 
the contents of transforming growth factor β 
(TGF-β), interleukin-1beta (IL-1β), interleu-
kin-6 (IL-6), C-C Motif Chemokine Ligand 8 
(CCL8) in serum and lung tissues according to 
the manufacturer’s instructions. Briefly, the lung 
tissues were homogenized using Multi-beads 
shocker® and added to the T-PER reagent 
(Thermo Fisher Scientific) consisting of protein-
ase and dephosphorylation inhibitors (Thermo 
Fisher Scientific). Then, lung lysates and serum 
were added to each well and measured per the 
manufacturer’s instructions. The optical density 
of each well was measured at 450 nm using a 
microplate reader (Multiskan Fc, Thermo Fisher 
Scientific).

Western blot
Western blot was performed as previously 
described.20 Briefly, total protein from the lung 
tissues was separated by SDS-PAGE gels and 
then transferred to 0.22-μm PVDF membranes 
(Bio-Rad). After blocking, the membranes were 
incubated with primary antibodies against SOD1 
(1:500 dilution; cat. no. sc11407; Santa Cruz), 
SOD2 (1:500 dilution; cat. no. sc30080; Santa 
Cruz), β-actin (1:1,000 dilution; cat. no. 8457S; 
CST), 53BP1 (1:1,000 dilution; cat. no. ab36823; 
Abcam), caspase 3 (1:1,000 dilution; cat. no. 
9662; CST), α-SMA (1:1,000 dilution; cat. no. 
19245S; CST), collagen Ⅰ (1:1,000 dilution; cat. 
no. ab34710; Abcam), or α-Tubulin (1:1,000 
dilution; cat. no. 3873S; CST) overnight at 4°C, 
respectively, followed by the appropriate horse-
radish peroxidase-conjugated secondary antibod-
ies (Dako). The expression was visualized using 
an enhanced chemiluminescence detection kit 
(Thermo Scientific). Semiquantitative analysis 

was done using ImageQuant LAS 4000 mini (GE 
Healthcare Life Sciences).

Statistical analysis
All the values were presented as the mean ± SD. 
For comparison of multiple sets of data, one-way 
analysis of variance (ANOVA) followed by 
Tukey’s test (Dr. SPSS II, Chicago, IL) was used 
for statistical analyses. All analyses were carried 
out with the SPSS19.0 statistical software (IBM 
SPSS Co., USA). A p-value less than 0.05 was 
accepted as significant.

Results

Nicaraven for mitigating the systemic side 
effects of radiotherapy is not very clearly 
detectable in tumor-bearing mice under our 
experimental treatment regimens
Mice had well tolerated the therapeutic regimens, 
but two mice in the post-irradiation administra-
tion with the dose of 20 mL/kg group died on the 
9th and 10th days, and one mouse in the placebo 
group died on the 19th day during the follow-
period (Figure 1(a)). Thoracic irradiation was 
delivered to mice using lead shielding sheets, and 
we found the death of mice at the next morning 
after radiation exposure. Radiation exposure to 
the brain stem may happen even only 1-mm posi-
tioning error. As a single 6 Gy exposure to the 
brain stem can kill some mice,21 we speculated 
the death of mice should be an error exposure to 
the brain due to some positioning or shadowing 
problems of mice during thoracic exposure. The 
body weights of mice in all groups were decreased 
temporarily during radiotherapy, but tended to 
increase a few days after the stopping of irradia-
tion exposures (Figure 1(b)). There was no sig-
nificant difference on the body weight changes of 
mice among groups. Compared with the control 
mice, the lung weights were slightly increased in 
mice received placebo treatment after radiother-
apy. However, the lung weights showed signifi-
cantly lower in mice received nicaraven 
post-irradiation than that of placebo treatment 
(p < 0.05, Figure 1(c)).

ELISA was performed to detect the levels of 
8-OHdG, TGF-β, IL-1β, IL-6, CCL8 in serum. 
The level of 8-OHdG in serum was not signifi-
cantly different among groups (Figure 2(a)). 
However, the serum level of 8-OHdG was 
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Figure 1.  Changes of body weight and lung weight in mice. (a) Schematic diagram about the experimental timeline and protocol. (b) 
Quantitative data on the changes of body weights through 30 days. (c) Quantitative data on the changes of lung weight and lung to body weight 
ratio in mice. Data are represented as the means ± SD, n = 3~6 in per group. #p < 0.05 versus Control group, *p < 0.05 versus Placebo group.
IR, irradiation; Post-IR, post-irradiation; Pre-IR, pre-irradiation.

detected significantly lower in mice received nica-
raven post-irradiation than that of pre-irradiation 
(p < 0.05, Figure 2(a)). Our results also showed 
that the administration of nicaraven with any dose 
before or after irradiation did not clearly change 
the levels of TGF-β, IL-1β, IL-6 in serum. 
However, the level of CCL8 in serum was signifi-
cantly lower in mice received nicaraven either 
post-irradiation or pre-irradiation when com-
pared with mice received placebo treatment 
(p < 0.05, Figure 2(e)).

The administration of nicaraven at a relatively 
low dose after radiotherapy shows partial 
attenuation of RILI in a preclinical  
tumor-bearing mouse model
To evaluate the inflammatory responses in lungs, 
ELISA analysis indicated that the TGF-β level in 

lungs was slightly increased in mice received pla-
cebo treatment after thoracic radiation, but was 
effectively attenuated by post-irradiation admin-
istration with 20 mg/kg nicaraven (p < 0.05, 
Figure 3(a)). Similarly, the IL-1β level in the 
lungs was also increased in mice that received 
placebo treatment after thoracic radiation, but 
significantly decreased by post-irradiation admin-
istration with 20 or 50 mg/kg nicaraven (p < 0.05, 
Figure 3(b)). Strangely, it seems that post-irradi-
ation administration with relatively lower doses of 
nicaraven more effectively alleviates the enhance-
ment of TGF-β and IL-1β in lung tissues. 
However, the levels of IL-6 and CCL8 in the 
lungs were not significantly different among all 
groups (Figure 3(c), (d)).

The expression of SOD1 in lungs was detected 
higher by Western blot in the placebo group than 
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Figure 3.  ELISA analysis on the inflammatory response in irradiated lungs. Quantitative data on the levels of TGF-β (a), IL-1β (b), IL-6 (c), CCL8 
(d) in irradiated lung tissues were shown. Data are represented as the means ± SD, n = 3~6 in per group. *p < 0.05 versus Placebo group.
IR: irradiation; Post-IR: post-irradiation; Pre-IR: pre-irradiation.

Figure 2.  The effect of nicaraven on levels of 8-OHdG and inflammatory factors in serum.
Quantitative data on the levels of 8-OHdG (a), TGF-β (b), IL-1β (c), IL-6 (d), CCL8 (e). Data are represented as the means ± SD, n = 3~6 in per group. 
*p < 0.05 versus Placebo group, †p < 0.05 versus post-IR group.
IR: irradiation; Post-IR: post-irradiation; Pre-IR: pre-irradiation.
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the control group (p < 0.05, Figure 4(a)). 
Although there was no significant difference 
among all groups (Figure 4(a)), the increased 
expression of SOD1 in the lungs was effectively 
attenuated by post-irradiation administration 
(p < 0.05, Figure 4(a)). The expression of SOD2 
was also significantly increased in the placebo 
group, but the increased expression of SOD2 was 
clearly decreased by post-irradiation administra-
tion with 20 or 100 mg/kg nicaraven (p < 0.05, 
Figure 4(b)). The enhanced expression of SOD2 
in the lungs was effectively decreased by either 
post-irradiation or pre-irradiation administration 
(p < 0.01, Figure 4(b)).

We also measured the expression of 53BP1, a 
marker for DNA damage in lungs by Western 
blot. Post-irradiation administration of nicaraven 
showed to slightly decrease the 53BP1 expression 
in lungs (Figure 5(a)). Caspase 3 has been con-
sidered a key effector in inducing cell apoptosis. 
Compared with the control group without irradi-
ation, Western blot analysis showed a significant 
enhancement on the expression of caspase 3 in 
lungs of mice from the placebo group (p < 0.05, 
Figure 5(b)), but the enhanced expression of cas-
pase 3 in irradiated lungs was effectively attenu-
ated only by post-irradiation administration of 
nicaraven (p < 0.05, Figure 5(b)).

We finally investigated the expression of α-SMA 
and collagen Ⅰ, the common markers of fibrosis 
in lungs. Compared with the control group, 
Western blot analysis showed higher expression 
of α-SMA and collagen Ⅰ in lungs of mice from 
the placebo group (Figure 6). Although there was 
no significant difference among groups, the 
enhanced expression of α-SMA and collagen Ⅰ 
in irradiated lungs was partially attenuated in 
mice that received post-irradiation administration 
of nicaraven (Figure 6).

Discussion
Radiotherapy for cancer is known to accompany 
side effects, which may lead to the discontinua-
tion of treatment and decrease the quality of life 
of patients.22 In this study, we investigated the 
optimal dose and time of nicaraven administra-
tion for attenuating the side effects of radiother-
apy in tumor-bearing mice. We could not clearly 
detect significant changes on body weight and the 
levels of inflammatory cytokines in serum. 
However, nicaraven administration, especially 
with a relatively lower dose at the time soon after 
thoracic irradiations partially decreased the levels 
of TGF-β, IL-1β, SOD1, SOD2, and caspase 3 in 
lungs, suggesting the effectiveness of nicaraven 
for attenuating the side effects of radiotherapy.

Figure 4.  Nicaraven on attenuating oxidative response in irradiated lungs. Representative blots (up), and quantitative data (down) on 
the expression of SOD1 (a), SOD2 (b). Data are represented as the means ± SD, n = 3~6 in per group. #p < 0.05 versus Control group, 
*p < 0.05, **p < 0.01 versus Placebo group.
IR: irradiation; Post-IR: post-irradiation; Pre-IR: pre-irradiation.
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Nicaraven has been well recognized on radical-
specific scavenging property.14 The 8-OHdG, an 
oxidized nucleoside of DNA has been frequently 
used as a marker for detecting oxidative stress.23 
However, consistent with our previous study,24 
nicaraven administration did not effectively 
decrease the level of 8-OHdG in serum in this 
study.

Radiation exposure results in the release of 
pro-inflammatory cytokines and chemokines.8–10 
Radiation-induced systemic and local inflamma-
tory responses can be detected in the blood by an 
increased level of circulatory cytokines and the 
activation of immune cells.7,25 However, we found 
that nicaraven administration did not significantly 
change the levels of TGF-β, IL-1β, and IL-6 in 

Figure 5.  Western blot analysis on the expression of the DNA damage and cell apoptosis in irradiated lungs. Representative blots 
(up) and quantitative data (down) on the expression of 53BP1 (a), caspase 3 (b). Data are normalized to β-actin. Data are represented 
as the means ± SD, n = 3~6 in per group. #p < 0.05 versus Control group, *p < 0.05 versus Placebo group.
IR: irradiation; Post-IR: post-irradiation; Pre-IR: pre-irradiation.

Figure 6.  The fibrotic changes in irradiated lungs.
Representative blots (up) and quantitative data (down) on the expression of α-SMA (a), collagen Ⅰ (b) were shown. Data are normalized to α-Tubulin. 
Data are represented as the means ± SD, n = 3~6 in per group.
IR: irradiation; Post-IR: post-irradiation; Pre-IR: pre-irradiation.

-292-

https://journals.sagepub.com/home/tar


Volume 16

8	 journals.sagepub.com/home/tar

Therapeutic Advances in 
Respiratory Disease

serum. Several reasons can be considered for it. 
First, the sample number in each group was too 
small to detect a statistical significance. Second, 
the initial sizes of tumors were widely varied 
among animals and groups, which also resulted in 
large variations in measuring data. Third, we col-
lected lungs and serum at 14 days after the last 
irradiation, which will be not a suitable time win-
dow for sensitive detection about the changes of 
8-OHdG and inflammatory factors in serum. 
Otherwise, tumor-secreted factors might also be 
considered to affect the levels of cytokines and 
chemokines in serum,26 but we did not find sig-
nificant correlations between tumor weights and 
the levels of systemic inflammatory factors (data 
not shown).

Increasing evidence has shown that the release of 
a multitude of cytokines in response to radiation 
exposure can contribute to the damage to the 
cells/tissues.22 Previous studies have demon-
strated that RILI could be alleviated by blocking 
pro-inflammatory factors.27,28 In this study, we 
observed that nicaraven partially attenuated the 
enhanced expression of TGF-β and IL-1β in the 
lungs, especially by post-irradiation administra-
tion with relatively low doses. We have not yet 
found a clear reason why post-irradiation admin-
istration with relatively lower doses of nicaraven 
even more effectively alleviates the enhancement 
of TGF-β and IL-1β in the irradiated lungs. 
Previous studies have well documented the harm-
less of nicaraven at the dose of 100 mg/kg in 
mice.29 As VEGF level may increase in tumor-
bearing mice, it is a possibility that a high dose of 
nicaraven increases the permeability of alveolar 
capillaries and cause edema of lungs in these 
tumor-bearing mice.

SOD1 and SOD2 are antioxidant enzymes, but 
their expression generally increases in response to 
oxidative stresses and various types of injuries.6 
Nicaraven partially attenuated the enhanced 
expression of SOD1 and SOD2 in irradiated 
lungs, especially by post-irradiation administra-
tion. Radiation can directly lead to cell death and 
apoptosis.4,17 Nicaraven also partially decreased 
the expression of 53BP1 and caspase 3 in irradi-
ated lungs, especially by post-irradiation adminis-
tration. The main manifestations of the late stage 
of RILI are fibroblast proliferation and collagen 
deposition.25 Post-irradiation administration of 
nicaraven partially decreased the expression of α-
SMA and collagen Ⅰ in irradiated lungs.

This study has several limitations. First, we did not 
perform histopathological analysis on lungs. Second, 
we only used male mice for the experiment, but 
gender difference may affect radiation-induced out-
comes.30,31 Third, we could not provide data on the 
8-OHdG level in lungs because of our technical 
mistake. Otherwise, due to the small sample size 
and large individual variation, there was no statisti-
cally significance on the expression of α-SMA and 
collagen I in lungs among groups. Although we 
have already planned a phase I-II clinical trial in 
esophageal cancer patients who receiving radiother-
apy, the benefit of nicaraven administration will be 
needed to be further confirmed before clinical appli-
cation for cancer radiotherapy.

According to our experimental evaluations in a 
preclinical tumor-bearing mouse model, nicara-
ven seems to effectively attenuate the side effects 
of radiotherapy. As nicaraven has a very limited 
effect on the growth of established tumors,16 nica-
raven may be useful for mitigating the side effects 
of radiotherapy in cancer patients, and post-irra-
diation administration with a relatively low dose 
will be highly recommended.
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ABSTRACT
Radiation-induced lung injury (RILI) is commonly observed in patients receiving radiotherapy, and clinical pre-
vention and treatment remain difficult. We investigated the effect and mechanism of nicaraven for mitigating RILI.
C57BL/6 N mice (12-week-old) were treated daily with 6 Gy X-ray thoracic radiation for 5 days in sequences
(cumulative dose of 30 Gy), and nicaraven (50 mg/kg) or placebo was injected intraperitoneally in 10 min after each
radiation exposure. Mice were sacrificed and lung tissues were collected for experimental assessments at the next day
(acute phase) or 100 days (chronic phase) after the last radiation exposure. Of the acute phase, immunohistochemical
analysis of lung tissues showed that radiation significantly induced DNA damage of the lung cells, increased the
number of Sca-1+ stem cells, and induced the recruitment of CD11c+, F4/80+ and CD206+ inflammatory cells.
However, all these changes in the irradiated lungs were effectively mitigated by nicaraven administration. Western
blot analysis showed that nicaraven administration effectively attenuated the radiation-induced upregulation of NF-
κB, TGF-β , and pSmad2 in lungs. Of the chronic phase, nicaraven administration effectively attenuated the radiation-
induced enhancement of α-SMA expression and collagen deposition in lungs. In conclusion we find that nicaraven
can effectively mitigate RILI by downregulating NF-κB and TGF-β/pSmad2 pathways to suppress the inflammatory
response in the irradiated lungs.

Keywords: radiation; DNA damage; lung injury; inflammatory response

INTRODUCTION
Radiotherapy is used for cancer treatment, but exposure to high doses
of ionizing radiation also damages the normal tissue cells [1, 2].
Radiation-induced lung injury (RILI), including acute pneumonitis
and chronic pulmonary fibrosis, is frequently observed in patients
receiving thoracic radiotherapy. It is estimated that RILI occurs in 13–
37% of lung cancer patients undergoing curative radiotherapy, which
may limit the dose of radiotherapy and affect the quality of life [3].
Currently, the pathogenesis of RILI has not yet been fully understood,
and there is no effective drug in the clinic.

It is known that high dose ionizing radiation leads to DNA double-
strand breaks [4]. DNA damage contributes to oxidative stress, vas-
cular damage, and inflammation. Pneumonitis develops within hours

or days after high dose irradiation exposure, and is accompanied by an
increased capillary permeability and the accumulation of inflammatory
cells in lungs [5–7]. The recruited inflammatory cells secret profibrotic
cytokines to activate the resident fibroblasts, which finally leads to an
excessive collagen production and deposition in the interstitial space of
lungs [8–10].

NF-κB (nuclear factor kappa B) is an important regulator of inflam-
matory response. The NF-κB signaling pathway is known to be acti-
vated following radiation exposure [11]. TGF-β/Smad signaling path-
way also deeply involves in RILI [12, 13]. Thoracic irradiation causes a
continuous increase of TGF-β1 in plasma, which is a predictor of radi-
ation pneumonitis after radiotherapy [14]. The activation of TGF-β
induces the conversion of fibroblasts into myofibroblasts, the elevated
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expression of α-smooth muscle actin (α-SMA), and the synthesis
of extracellular matrix proteins such as collagen [15, 16]. Therefore,
targeting these pathways can be a potential strategy for mitigating RILI.

Nicaraven, a hydroxyl free radical scavenger [17], has previously
been demonstrated to protect against the radiation-induced cell death
[18, 19]. We have also recently found that the administration of
nicaraven to mice soon after high dose γ -ray exposure attenuates
the radiation-induced injury of hematopoietic stem/progenitor cells,
which is more likely associated with anti-inflammatory effect rather
than radical scavenging [20, 21]. Moreover, nicaraven can reduce the
radiation-induced recruitment of macrophages and neutrophils into
lungs [22]. Therefore, we speculate that nicaraven may effectively
mitigate RILI, at least partly by inhibiting inflammatory response
through NF-κB and TGF-β/Smad signaling pathways [23].

By exposing the lungs of adult mice to 30 Gy X-ray, we investigated
the effect and mechanism of nicaraven for mitigating RILI. Our results
showed that nicaraven administration significantly reduced the DNA
damage of lung tissue (stem) cells, inhibited the radiation-induced
recruitment of CD11c+, F4/80+ and CD206+ inflammatory cells in
lungs at the acute phase, and also mitigated the radiation-induced
enhancement of α-SMA and partly decreased the fibrotic area in the
irradiated lungs at the chronic phase.

MATERIALS AND METHODS
Animals

Male C57BL/6 N mice (12-week-old; CLEA, Japan) were used for
study. Mice were housed in pathogen-free room with a controlled
environment under a 12 h light–dark cycle, with free access to food
and water. This study was approved by the Institutional Animal Care
and Use Committee of Nagasaki University (No.1608251335-12). All
animal procedures were performed in accordance with institutional
and national guidelines.

Thoracic radiation exposure and nicaraven
administration

The RILI model was established as previously described [24]. Briefly,
mice were treated daily with 6 Gy X-ray thoracic radiation for 5 days in
sequences (cumulative dose of 30 Gy) at a dose rate of 1.0084 Gy/min
(200 kV, 15 mA, 5 mm Al filtration, ISOVOLT TITAN320, General
Electric Company, United States) (Supplementary Fig. 1A). Nicaraven
(50 mg/kg; n = 6, IR + N group) or placebo (n = 6, IR group) was
injected intraperitoneally to mice within 10 min after each radiation
exposure, and we continued the daily injections for 5 additional
days after the last radiation exposure (Supplementary Fig. 1A). Age-
matched mice without radiation exposure were used as control (n = 6,
CON group). The body weights of mice were recorded once a week.
We sacrificed the mice the next day (Acute phase) or the 100th day
(Chronic phase) after the last exposure (Supplementary Fig. 1A). At
the end of follow-up, mice were euthanized under general anesthesia
by severing the aorta to remove the blood. Lung tissues were excised
and weighed, and then collected for experimental evaluations as
follows.

Immunohistochemical analysis
The DNA damage in lung tissue (stem) cells was detected by immuno-
histochemical analysis. Briefly, lungs were fixed in 4% paraformalde-
hyde, and paraffin sections of 6-μm-thick were deparaffinized and rehy-
drated. After antigen retrieval and blocking, sections were incubated
with rabbit anti-mouse γ -H2AX antibody (1:400 dilution, Abcam)
and rat anti-mouse Sca-1 antibody (1:200 dilution, Abcam) overnight
at 4◦C, and followed by the appropriate fluorescent-conjugated sec-
ondary antibodies at 25◦C for 60 min. The nuclei were stained with 4,
6-diamidino-2-phenylindole (DAPI) (1:1000 diution, Life technolo-
gies). The positive staining was examined under fluorescence micro-
scope (FV10CW3, OLYMPUS).

The recruitment of inflammatory cells was detected by immunos-
taining with mouse anti-mouse CD11c antibody (1:150 dilution,
Abcam), rat anti-mouse F4/80 antibody (1:100 dilution, Abcam),
goat anti-mouse CD206 antibody (1:200 dilution, R&D Systems)
overnight at 4◦C, and followed by the appropriate Alexa fluorescent-
conjugated secondary antibodies (1:400 dilution, Invitrogen), respec-
tively. The nuclei were stained with DAPI. The positive staining was
examined under fluorescence microscope (FV10CW3, OLYMPUS).

For quantitative analysis, we counted the positively stained cells
in 12 images from two separated independent sections of each lung
tissue sample. The number of positively stained cells in each lung tissue
sample was normalized by the number of nuclei, and the average value
per field (image) from each lung tissue sample was used for statistical
analysis.

Masson’s trichrome staining
To detect the fibrotic change in lungs, Masson’s trichrome staining was
performed according to the manufacturer’s protocol (Sigma-Aldrich,
St. Louis, MO, USA). The stained sections were mounted and then
imaged using a microscope (Biorevo BZ-9000; Keyence Japan, Osaka,
Japan). The fibrotic area was quantified by measuring the positively
stained area using the Image-Pro Plus software (version 5.1.2, Media
Cybernetics Inc, Carlsbad, CA, USA), and expressed as a percentage
of the total area. The average value from 12 images randomly selected
from two separated slides for each lung tissue sample was used for
statistical analysis.

Western blot
Western blot was performed as previously described [25]. Briefly,
lung tissue sample was homogenized using Multi-beads shocker® and
added to the T-PER reagent (Thermo Fisher Scientific) consisting
of proteinase and dephosphorylation inhibitors (Thermo Fisher
Scientific). Total tissue protein purified from lungs were separated by
SDS-PAGE gels and then transferred to 0.22-μm PVDF membranes
(Bio-Rad). After blocking, the membranes were incubated with
primary antibodies against NF-kB p65 (1:500 dilution, Abcam),
IκBα (1:1000 dilution, CST), TGF-β (1:1000 dilution, Abcam),
pSmad2 (1:1000 dilution, Abcam), α-Tubulin (1:1000 dilution,
CST), or GAPDH (1:1000 dilution, Abcam), respectively; and
followed by the appropriate horseradish peroxidase-conjugated
secondary antibodies (Dako). The expression was visualized using
an enhanced chemiluminescence detection kit (Thermo Scientific).
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Fig. 1. The DNA damage of lung tissue cells at the acute phase after treatments. (A) Representative confocal images show the
expression of Sca-1 and γ -H2AX in lung tissue cells. Quantitative data on the number of Sca-1+ stem cells (B), the total cells with
γ -H2AX foci formation (C), and the Sca-1+ stem cells with γ -H2AX foci formation (D, Arrows) are shown. Scale bars: 10 μm.
The nuclei were stained with DAPI. Data are represented as means ± SD. ∗∗p < 0.01 vs CON group, †p < 0.05, ††p < 0.01 vs IR
group. CON: Control, IR: Radiation, IR + N: Radiation+Nicaraven.

Semiquantitative analysis was done using ImageQuant LAS 4000 mini
(GE Healthcare Life Sciences).

Statistical analysis
All the values were presented as mean ± SD. For comparison of mul-
tiple sets of data, one-way analysis of variance (ANOVA) followed by
Tukey’s test (Dr. SPSS II, Chicago, IL) was used. For comparison of
two sets of data, an unpaired two-tailed t-test was used. All analysis
was carried out with the SPSS19.0 statistical software (IBM SPSS Co.,
USA). A p-value less than 0.05 was accepted as significant.

RESULTS
Nicaraven significantly reduced the radiation-induced

DNA damage of lung tissue (stem) cells at the acute
phase.

All mice survived after treatments and during the follow-up period.
The body weights of the mice were decreased temporarily soon after
radiation exposure, but tended to increase approximately 10 days after
radiation exposure. Although the body weights of mice between IR
group and IR + N group were not significantly different, they were
significantly lower than the age-matched non-irradiated mice in the
CON group (p < 0.05, Supplementary Fig. 1B). Moreover, the lung
weights of mice were not significantly different among all groups at
either the acute phase or the chronic phase (Supplementary Fig. 1C).

Immunohistochemistry was performed to evaluate the expression
of Sca-1 and γ -H2AX in lung tissue cells at the acute phase (Fig. 1A).
Compared to CON group, the number of Sca-1+ stem cells was sig-
nificantly increased in the IR group (9.27 ± 1.30% vs 1.17 ± 0.29%,
p < 0.01; Fig. 1B). However, the increased number of Sca-1+ stem cells
in irradiated lungs was significantly attenuated by nicaraven administra-
tion (3.53 ± 2.15%, p < 0.05 vs IR group; Fig. 1B).

The formation of γ -H2AX foci in nuclei of lung tissue cells was
dramatically increased in the IR group, but was mildly changed in
the IR + N group (Fig. 1A). Quantitative data also indicated that
the percentage of γ -H2AX-positive cells was significantly less in the
IR + N group than the IR group (16.27 ± 2.05% vs 7.13 ± 0.91%,
p < 0.01; Fig. 1C). Moreover, we tried to evaluate the formation
of γ -H2AX foci in Sca-1+ stem cells. Interestingly, the number of
Sca-1+ stem cells with γ -H2AX foci was more effectively decreased
in the IR + N group compared to the IR group (1.93 ± 0.51% vs
0.35 ± 0.19%, p < 0.01; Fig. 1D). These results indicate that nicaraven
administration can reduce the radiation-induced DNA damage in lung
tissue cells, especially in these Sca-1+ stem cells.

Nicaraven effectively decreased the radiation-induced
recruitment of inflammatory cells into lungs.

According to our previous studies [20, 21], nicaraven protects
tissue (stem) cells against radiation injury by inhibiting
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Fig. 2. Immunohistochemical detection of inflammatory cells in lungs at the acute phase after treatments. Representative confocal
images (upper) and quantitative data (lower) show the CD11c+ cells (A), F4/80+ cells (B), and CD206+ cells (C) in lungs. Scale
bars: 10 μm. The nuclei were stained with DAPI. Data are represented as means ± SD. ∗p < 0.05, ∗∗p < 0.01 vs CON group,
†p < 0.05, ††p < 0.01 vs IR group. CON: Control, IR: Radiation, IR + N: Radiation+Nicaraven.

inflammatory response. Therefore, immunohistochemical analysis
was performed to detect the inflammatory cells in lungs. The
number of CD11c + monocytes and F4/80+ macrophages was
significantly higher in the IR group than the CON group (p < 0.01,
Fig. 2A and B). However, nicaraven administration significantly
reduced the recruitment of CD11c + monocytes (8.23 ± 0.75%
vs 4.61 ± 0.65%, p < 0.01; Fig. 2A) and F4/80+ macrophages
(12.63 ± 1.36% vs 8.07 ± 1.38%, p < 0.01; Fig. 2B) into irradiated
lungs. Similarly, the number of M2 macrophages (CD206+) was also
significantly higher in irradiated lungs than that of non-irradiated
lungs (p < 0.01, Fig. 2C). Interestingly, nicaraven administration
significantly decreased the CD206+ macrophages in irradiated lungs
(3.3 ± 0.61% vs 2.1 ± 0.53%, p < 0.05; Fig. 2C).

Nicaraven significantly attenuated the
radiation-induced upregulation of NF-κB and TGF-β

in lungs
To further understand the molecular mechanism of nicaraven on
mitigating RILI, we investigated the expression of NF-κB and IκBα

(inhibitor of NF-κB) in lungs at the acute phase. Compared to the
CON group, the IR group showed a significant enhancement on the
expression of NF-κB (p < 0.05, Fig. 3A). However, the enhanced
expression of NF-κB in irradiated lungs was effectively attenuated
by nicaraven administration (p = 0.09, Fig. 3A). In contrast, the
expression of total IκBα was significantly decreased in irradiated lungs
(p < 0.01 vs CON group, Fig. 3B), which was effectively attenuated
by nicaraven administration (p < 0.01 vs IR group, Fig. 3B). We also
investigated the expression of TGF-β and pSmad2 in irradiated lungs
at the acute phase (Fig. 3C and D). The irradiated lungs showed a

significant upregulation of TGF-β and pSmad2 (p < 0.05 vs CON
group, Fig. 3C and D), but was effectively attenuated by nicaraven
administration (p < 0.05 vs IR group, Fig. 3C and D).

Nicaraven clearly attenuated the radiation-induced
enhancement of α-SMA and partially reduced the

fibrotic area in irradiated lungs at the chronic phase
We further investigated the expression of α-SMA and collagen depo-
sition in irradiated lungs at the chronic phase. Western blot indicated
an enhanced expression of α-SMA in the irradiated lungs (p < 0.05
vs CON group, Fig. 4A), but the enhanced expression of α-SMA in
irradiated lungs was completely attenuated by nicaraven administra-
tion (Fig. 4A). Similarly, Masson’s trichrome staining showed that the
fibrotic area in lungs was significantly higher in the IR group than the
CON group (p < 0.05, Fig. 4B). However, nicaraven administration
tended to only partially reduce the fibrotic area in irradiated lungs
(6.24 ± 0.64% vs 5.14 ± 0.51%, p = 0.08; Fig. 4B).

DISCUSSION
This study was proposed to investigate the potential effect and under-
lying mechanism of nicaraven on mitigating RILI. Our experimen-
tal data revealed that nicaraven administration not only reduced the
DNA damage (γ -H2AX foci formation) of lung tissue (stem) cells,
but also inhibited the recruitment of macrophages and neutrophils
into irradiated lungs at the acute phase. Nicaraven administration also
significantly attenuated the radiation-induced enhancement of TGF-β
and NF-κB, and partially reduced the fibrotic area in irradiated lungs at
the chronic phase.
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Fig. 3. Western blot analysis on the expression of NF-κB, IκBα, TGF-β , and pSmad2 in lungs. Representative blots (left) and
quantitative data (right) on the expression of NF-κB p65 (A), IκBα (B), TGF-β (C), pSmad2 (D) in lungs are shown. Data are
normalized to α-Tubulin or GAPDH, and represented as means ± SD. ∗p < 0.05, ∗∗p < 0.01 vs CON group, †p < 0.05, ††p < 0.01
vs IR group. CON: Control, IR: Radiation, IR + N: Radiation+Nicaraven.

Fig. 4. The fibrotic changes in lungs at the chronic phase after treatments. (A) Representative blots (left) and quantitative data
(right) on the expression of α-SMA in lungs are shown. (B) Representative images (left) and quantitative data (right) of Masson‘s
trichrome staining on the fibrotic area in lungs are shown. Scale bars: 200 μm. Data are represented as means ± SD. ∗p < 0.05,
∗∗p < 0.01 vs CON group, †p < 0.05 vs IR group. CON: Control, IR: Radiation, IR + N: Radiation+Nicaraven.
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Nicaraven is known as a powerful radical scavenger that effectively
protects various tissues and organs against injuries, particularly
for ischemia–reperfusion injury in the brain [26–28]. Considering
the well-recognized antioxidative property and the potential anti-
inflammatory effect of nicaraven, we evaluated the probable role of
nicaraven on mitigating RILI.

The exposure to high levels of ionizing radiation leads to DNA
double-strand breaks, which elicit cell death or stochastic change [4].
Stem cells are known to play critical role in tissue homeostasis, while
ionizing radiation exposure can disrupt the tissue homeostasis. Alveo-
lar epithelium is composed of two cell types: Type I cells account for
95% of the gas exchange surface area, and type II cells can transform
into type I cells and have the ability to repair alveoli. Sca-1-positive cells
are identified as a population of alveolar type II cells with progenitor
cell properties [29]. It has also been demonstrated that the prolifera-
tion of Sca-1-positive cells increases during the alveolar epithelial repair
phase [29, 30]. In this study, the number of Sca-1-positive cells were
exactly increased in irradiated lungs at the acute phase, suggesting the
probable role of Sca-1-positive cells for repairing the injured lungs after
high dose irradiation. Nicaraven administration showed to reduce the
DNA damage of lung tissue cells, especially in these Sca-1-positive cells
at the acute phase, which indirectly indicates the protective effect of
nicaraven on RILI.

Various chemokines/cytokines are known to be increased in
organs/tissues exposed to high dose irradiation, which in turn induces
the recruitment of inflammatory cells at the acute phase. The recruited
inflammatory cells play a key role in the pathogenesis of RILI [31,
32], because inflammatory cascade is known to promote fibroblast
proliferation and collagen deposition [33]. In responding to high
dose radiation exposure, the recruitment of monocytes/immune cells
(CD11c+) into lung tissue plays critical pathophysiological role on
RILI. Among the recruited monocytes/immune cells, macrophages
(F4/80+) represent an important profibrogenic initiator/media-
tor, but M2 macrophages (CD206+) are thought to be an anti-
inflammatory phenotype of macrophages. In this study, we found
that the recruitment of monocytes/immune cells, including the
M2 macrophages was significantly increased in the irradiated lungs.
Consistent with previous reports [22, 34], the administration of
nicaraven inhibited significantly the recruitment of monocytes into
the irradiated lungs. It will be better to understand the precise role
of especial subpopulation of inflammatory cells, such as the M2
macrophages in lungs using genetically modified animals. However, the
purpose of this study was designed to examine the potency of nicaraven
for attenuating RILI through an anti-inflammatory mechanism, we
used a wild-type mice rather than the genetically modified mice for
experiments.

TGF-β is one of the most critical master regulators on promoting
acute inflammation and chronic fibrosis in lungs [12–16]. Previous
studies have demonstrated that radiation exposure activates TGF-
β/Smad signaling pathway to initiate the inflammatory response,
induce the proliferation and activation of fibroblasts, and enhance
the synthesis of matrix proteins [35, 36]. Therefore, the inhibition
of TGF-β/Smad signaling pathway may effectively mitigate RILI.
In this study, nicaraven administration exactly downregulated the
expression of TGF-β and pSmad2 in irradiated lungs at the acute
phase.

NF-κB has emerged as a ubiquitous factor involved in the regula-
tion of numerous critical processes, including immune [37], inflam-
mation response [38], cell apoptosis [39], and cell proliferation [40].
While in an inactivated state, NF-κB is located in the cytosol com-
plexed with the inhibitory protein IκBα. Radiation exposure can acti-
vate NF-κB signaling pathway. Radiation exposure activates the kinase
IKK, which in turn phosphorylates IκBα and results in ubiquitin-
dependent degradation [11, 38, 40]. Dysregulation of NF-κB signaling
can lead to inflammation, autoimmune disease and cancer [41]. In this
study, nicaraven administration effectively downregulated the expres-
sion of NF-κB, suggesting the involvement of NF-κB pathway in the
protective effect of nicaraven to RILI.

Generally, although nicaraven administration only tended to par-
tially reduce the fibrotic area in the irradiated lungs, many other param-
eters, such as the expression of α-SMA was more sensitively and clearly
changed. As the activated fibroblasts (α-SMA+) are generally thought
to be the predominant source of collagen-producing cells, the inhibi-
tion on α-SMA expression in irradiated lungs by nicaraven adminis-
tration suggested the probable benefit of nicaraven for attenuating the
development of fibrotic change in irradiated lungs at the chronic phase.
In summary, nicaraven administration effectively protected the RILI,
likely by suppressing inflammatory response through the NF-κB and
TGF-β/Smad signaling pathways. Nicaraven could be a potential drug
for mitigating RILI.
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Abdelghany L, Xu Y, Sekiya R, Yan C, Jingu K, Li T-S.
Nicaraven Exerts a Limited Effect on Radiation-Induced
Inhibition of Tumor Growth in a Subcutaneous Murine
Tumor Model. Radiat Res. 200, 382–388 (2023).

Nicaraven selectively protects normal tissue from radiation-
induced injury. To further develop the clinical application of
nicaraven for mitigating the side effects of cancer radiotherapy,
we investigated the potential effect of nicaraven administration
in radiation-induced inhibition of tumor growth. A subcutane-
ous tumor model was established in mice by the injection of
Lewis lung cancer cells at the back of the chest. X-ray radiation
was delivered to the thoracic area and different doses of nicar-
aven (0, 20, 50, 100 mg/kg) were administrated intraperitone-
ally pre- or post-irradiation. The tumor size was measured
every other day. Mice were euthanized on day 30, and the
tumor weight and the levels of cytokines in tumor tissue were
measured. Pre- or post-irradiation administration of nicaraven
up to a dose of 100 mg/kg did not significantly diminish the
radiation-induced inhibition of tumor growth, but post-
irradiation administration of 20 and 50 mg/kg nicaraven
resulted in relatively lower tumor weight. The levels of IL-1b,
IL-6, IL-10, MCP-1, MIP-2a, TGF-b1, VEGF, p53, p21, cyclin
D1 and caspase-3 in tumor tissue did not change by nicaraven
administration and were not significantly associated with the
tumor weights. According to our experimental data, nicaraven
will not significantly diminish the radiation-induced inhibition
of tumor growth, even with pre-irradiation administration at a
high dose. � 2023 by Radiation Research Society

INTRODUCTION

For many years, radiotherapy has played a momentous
role in cancer treatment with curative intent or as an adju-
vant modality with chemotherapy or surgery (1). Addition-
ally, radiotherapy is used as a palliative remedy to relieve
symptoms in non-malignant and malignant disorders (2).
However, many patients experience radiation-induced adverse

effects due to radiation exposure to the surrounding normal
tissue (3).
Two main mechanisms cause radiation-induced tissue

toxicity: direct DNA damage and the generation of reactive
oxygen species (ROS) (4). Furthermore, water molecule
ionization produces ROS and nitrogen species that make up
60% of the total damage imposed (5). ROS also provokes
inflammation and immune responses, a serious and com-
mon complication after exposure to radiation (6). Although
some traditional agents have a protective effect on the sur-
rounding normal tissue, they may diminish the radiosensi-
tivity of cancer cells (7). Development of a new agent that
selectively protects the normal tissue from radiation-
induced injury is needed for clinical application in cancer
patients who are receiving radiotherapy.
Nicaraven, a small molecule, originally recognized as a

free radical scavenger that is well known to protect normal
tissue from ischemia-reperfusion injury (8). We have
recently found the protective effect of nicaraven on normal
tissue against radiation injury, which is more likely associ-
ated with an anti-inflammatory effect rather than the free
radical scavenging effect (9–11). We have further confirmed
that nicaraven shows a very limited effect on the growth of
established tumors in mice (12, 13). Due to the selective
radioprotection to normal tissue, nicaraven would be benefi-
cial for cancer patients who are receiving radiotherapy.
Using a tumor-bearing mice model, we administered dif-

ferent doses of nicaraven pre-or post-irradiation. We moni-
tored the tumor growth every other day and measured the
levels of inflammatory cytokines/chemokines in tumor tis-
sue. According to our data, nicaraven will not significantly
diminish the radiation-induced inhibition of tumor growth.

MATERIALS AND METHODS

Cell Line

The Lewis lung carcinoma cells were grown in DMEM (FUJIFILM
Wako) supplemented with 10% fetal bovine serum (Gibco) and 1%
streptomycin/penicillin (Gibco), at 37˚C in a 5% CO2 incubator. Cells
with almost 80% confluent were harvested for the establishment of a
tumor model in mice.
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Mouse Tumor Model

We used 8-week-old male C57BL/6N mice (CLEA Japan Inc.,
Tokyo, Japan) for the experiment. To establish a tumor model, 5 3 105

cancer cells in 0.1 mL saline solution were injected subcutaneously into
the interscapular fat pad of each mouse, at the back of the chest. This
study was approved by the Institutional Animal Care and Use Commit-
tee of our University (No. 1608251335-12). All experimental procedures
were performed by institutional and national guidelines.

Irradiation and Nicaraven Administration Regimens

At 10 days after cancer cell injection, a total of 41 mice were ran-
domly divided into 8 groups, and different treatments were per-
formed as illustrated in Fig. 1A.

For irradiations, general anesthesia was induced in tumor-bearing
mice by intraperitoneal injection with an anesthesia cocktail. Thoracic
irradiations were delivered to mice by shielding them with a specially
designed lead apparatus, which allows a regional delivery of radiation to
the tumor nodule in the back of the chest. X-ray radiation was delivered
(200 kV, 15 mA, 5 mm aluminum filtration, ISOVOLT TITAN320,
General Electric Company), at a dose rate of 1.0084 Gy/min.

Mice were intraperitoneally injected with 20, 50, or 100 mg/kg nicar-
aven pre-irradiation (about 5 min before exposure) or post-irradiation
(within 5 minutes after exposure) (n ¼ 5 in each group). For placebo
control, mice received radiation treatment but were given saline injec-
tion only (placebo group, n ¼ 5). In addition, we also included a control
group (n ¼ 6), in which the mice received neither radiation nor nicar-
aven administration. The tumor size was monitored by measuring the
tumor dimensions using Vernier calipers every other day. Tumor vol-
umes were calculated as: volume (mm3) ¼ length3 width2/2.

Enzyme-linked Immunosorbent Assay (ELISA)

The tumor tissues were collected after mice euthanasia, and tumor
weight was measured. The levels of cytokines/chemokines (IL-1b, IL-
6, IL-10, MCP-1, MIP-2a, TGF-b1, and VEGF) were measured by
commercial ELISA kits (R&D Systems) according to the instructions
of the manufacturer. The tumor tissues were homogenized in a T-PER
reagent containing proteinase and phosphatase inhibitors (Thermo
Fisher Scientific) using Multi-beads shockerw. The optical density of
each well was measured at 450 nm using a microplate reader (iMarkTM

Microplate Reader; Bio-Rad Laboratories).

Western Blotting

The tissue lysates were heated at 95˚C for 5 min, then loaded on
an SDS-PAGE gel and transferred to PVDF membrane (Bio-Rad
Laboratories). Membranes were probed with primary antibodies
against p53 (1:1,000 dilution; cat. no. 2524s; Cell Signaling Technol-
ogy), p21 (1:1000 dilution; cat. no. 37543; Cell Signaling Technol-
ogy), caspase 3 (1:1,000 dilution; cat. no. 14220; Cell Signaling
Technology), cyclin D1 (1:1000 dilution; cat. no. 2978; Cell Signal-
ing Technology), and b-actin (1:1,000 dilution; cat. no. HRP-66009;
Proteintech), at 4˚C overnight or 25˚C for 1 h. Followed by horserad-
ish peroxidase-conjugated anti-rabbit secondary antibody (Cell Sig-
naling Technology) for 1 h at 25˚C, the expression was visualized
using an ECL detection kit (SuperSignal West Femto, ThermoFisher
Scientific). The blots were detected using ImageQuant LAS 4000
Mini biomolecular imager (Cytiva) and analyzed by ImageJ 2.1.0
software (National Institutes of Health).

Statistical Analysis

Results are expressed as means 6 SD. Statistical differences
among groups were determined using a one-way analysis of variance
(ANOVA) followed by Dunnett’s multiple comparison test. Correla-
tions between cytokine levels and tumor weights were assessed using
Pearson’s correlation analysis (GraphPad Prism 8.0 software).

RESULTS

Neither Pre-Irradiation nor Post-Irradiation Administration
of Nicaraven up to 100 mg/kg Diminishes the Radiation-
Induced Inhibition of Tumor Growth

As shown in Fig. 1 on the therapeutic regimens, different
treatments were started when a subcutaneous tumor nodule
was formed in the back of the chest of mice. As the standard
regimen of radiation treatment (14), daily 6 Gy thoracic irra-
diation was delivered to mice for 5 consecutive days. The
tumor nodule grew quickly in non-irradiated controls, and we
terminated the follow-up on day 15 for mice of the control
group due to the large tumor nodules (Fig. 1A). According to
the measured tumor size (Fig. 1B), tumor growth was almost
stopped after the daily 6 Gy irradiation for 5 days. As the size
of the tumor nodule did not decrease after the first round of
radiotherapy, we decided to deliver an additional 6 Gy tho-
racic irradiation on day 9. The tumor size was still slowly
increasing during the follow-up. To further confirm that nicar-
aven administration would not diminish the radiotherapy-
induced inhibition of tumor growth, another 6 Gy thoracic
irradiation was delivered to mice again on day 16 (Fig. 1A).
We finally terminated the follow-up for all groups on day 30.
The radiation-induced inhibition of tumor growth during

the follow-up period was almost not affected by nicaraven
administration with different doses given either pre- or
post-irradiation (Fig. 1B). Compared to the placebo, the
mean change of the tumor volume was slightly decreased
only by the post-irradiation administration with 20 and
50 mg/kg nicaraven.
At the endpoint of follow-up, we euthanized the mice

and extracted the tumor tissues (Fig. 1C). The tumor sizes
varied largely even in the same group, and the tumor
weight was much higher in the control group without radia-
tion treatment than in other groups that received radiation.
Interestingly, the tumor weight was not significantly differ-
ent among all groups that received thoracic irradiation,
whether the mice were given placebo treatment or nicar-
aven administration with different doses at different timing
(Fig. 1D). Moreover, a simple and direct comparison
between pre- or post-irradiation groups also showed that
the radiation-induced inhibition of tumor growth was not
significantly affected by the timing of nicaraven adminis-
tration (Fig. 1E).

Nicaraven Administration did not Significantly Change the
Levels of IL-1b , IL-6, IL-10, MCP-1, MIP-2a, TGF-b 1,
VEGF, p53, p21, Caspase-3 and Cyclin D1 in the Tumors

Previous studies have demonstrated the anti-inflammatory
effect of nicaraven (11, 15). Therefore, we measured the lev-
els of IL-1b, IL-6, IL-10, MCP-1, MIP-2a, and TGF-b1 in
tumor tissue by ELISA. As shown in Fig. 2, the levels of IL-
1b, MCP-1, MIP-2a, and TGF-b1 in tumors were not signifi-
cantly different among all groups, although the level of IL-6
was slightly decreased in 20 and 50 mg/kg pre-irradiation
compared to placebo (Fig. 2B). Furthermore, IL-10 was

NICARAVEN AND CANCER RADIOTHERAPY 383

Downloaded From: https://bioone.org/journals/Radiation-Research on 10 Oct 2023
Terms of Use: https://bioone.org/terms-of-use	Access provided by University of Virginia

-306-



B

A

0 5 10 15 20 25 30
0

500

1000

1500

2000

2500

Time (Day)

Tu
m

or
si

ze
(m

m
3 )

Post- IR (100 mg/kg)
Post- IR (50 mg/kg)
Post- IR (20 mg/kg)

Pre- IR (100 mg/kg)
Pre- IR (50 mg/kg)
Pre- IR (20 mg/kg)

Placebo
Control

D E

C

Placebo

Control

50

50

100

20

100

20

§

§ §

Plac
eb

o

Post-
IR

Pre-
IR

0.0

0.5

1.0

1.5

Tu
m

or
w

ei
gh

t(
gm

)

Contro
l

Plac
eb

o 20 5010
0 20 5010

0
0

1

2

3

Tu
m

or
w

ei
gh

t(
gm

)

Post- IR Pre- IR

FIG. 1. Changes in tumor size and weight in mice. Panel A: Schematic diagram of the experimental timeline and therapeutic regimens.
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FIG. 2. ELISA analysis on the inflammatory cytokines in the tumors. Quantitative data on the levels of IL-1b (panel A), IL-6 (panel B),
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slightly decreased by post-irradiation nicaraven administration

at the doses of 50 and 100 mg/kg (Fig. 2C). Otherwise, the

levels of IL-1b, IL-6, IL-10, MCP-1, MIP-2a, and TGF-b1 in
the tumors were not significantly correlated with the tumor

weights (Supplementary Table S1;2 https://doi.org/10.1667/

RADE-22-00212.1.S1). We also measured the VEGF level in

tumors and did not find significant difference among all

groups (Fig. 2G).
To further evaluate the apoptosis, we measured the

expression of p53, p21, caspase-3 and cyclin D1 in tumors
by Western blot. Nicaraven administration did not signifi-

cantly change the expression of p53, p21, caspase-3 and

cyclin D1 in tumors (Fig. 3).

DISCUSSION

Radiotherapy for many types of malignant tumors has
proven satisfactory in inhibiting tumor growth (16–18).
To obtain better outcomes of radiotherapy, it is still asked

to reduce the early and late side effects, as well as to

increase tumor response (19, 20). Multiple approaches,

such as the use of radio-protectors (pre-radiotherapy) or

radio-mitigators (during or immediately post-radiotherapy)

have been tested clinically to reduce the side effects of radio-

therapy (21–29). However, there is still no clear evidence of

how the approaches affect the sensitivity of cancer cells to

radiation.
The side effect of cancer patients receiving radiotherapy is

dependent on several parameters, such as the tumor location

(30), the dose, and irradiated volume (31). Therefore,

radiation-induced toxicity to normal tissue should be evalu-

ated in tumor-bearing models using clinically relevant

combination-treatment schedules and surrogate endpoints

(32). However, most studies in animals have delivered single

dose irradiation rather than clinically relevant fractionated

irradiation (33). In this study, we established a tumor on the

back of the chest of the mice. To design a clinically relevant

radiation treatment regimen, thoracic radiation treatment was

delivered to the tumor-baring mice in 5 fractions (6 Gy/day

for 5 days) for a cycle of standard treatment at first and were

given two additional doses of 6 Gy thoracic irradiation

according to the status of tumor growth. Our data showed that

nicaraven administration with different doses either pre-or

post-irradiation did not diminish the radiation-induced inhibi-

tion of tumor growth.

p53

p21

Cyclin D1

Caspase-3

ᵝ-Actin

50 KDa

21 KDa

35 KDa

36 KDa

45 KDa

A B

FIG. 3. Western blot for detecting the expression of the apoptotic markers. Representative images (panel A) and semi-quantification data
(panel B) show the expression of p53, p21, caspase-3 and cyclin D1 in the tumor extracts.

2 Editor’s note. The online version of this article (DOI: https://doi.org/
10.1667/RADE-22-00212.1) contains supplementary information that
is available to all authorized users.
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Exposure to radiation generates ROS that provokes DNA

damage and death to both the cancer cells and the sur-

rounding normal tissue (34). Hence, some free radical scav-

enging radio-protectors greatly decrease the effect of

radiation in inhibiting tumor growth (20). Nicaraven is

originally known as a free radical scavenger (35); however,
our past studies have demonstrated that nicaraven barely

changes the ROS levels on different types of cells (10).
Therefore, it is not surprising to us the minimal effect that

nicaraven has in radiation-induced inhibition of tumor

growth as shown in our study.
It has been reported that hypo-fractionated radiation con-

verts “cold” tumors to “hot” inflammatory tumors by

releasing pro-inflammatory factors (36). Since nicaraven

has shown an anti-inflammatory effect (11, 15), we mea-

sured the levels of several cytokines/chemokines in the

tumors. We found that the levels of IL-1b, IL-6, IL-10,
MCP-1, MIP-2a, TGF-b1, VEGF, p53, p21, caspase-3 and

cyclin D1 in tumor tissues did not significantly change by

nicaraven administration and radiotherapy. The pharmaco-

kinetics of nicaraven have been carefully conducted by

Chugai Pharmaceutical Co., Ltd. Nicaraven shows a quick

(few minutes) adequate whole-body distribution after injec-

tion and a short half-life (1.2–1.4 h) in murine. As we col-

lected the tumor tissues almost 2 weeks after the last

nicaraven administration, it would not be the optimal time

window for detection.
In summary, it seems that nicaraven has a very limited

effect on the sensitivity of radiotherapy to established tumors.

According to the results from this experimental study, post-

irradiation administration of nicaraven at low doses will be

recommended. However, randomized controlled trials are

needed to further confirm the benefit of nicaraven administra-

tion for cancer patients who are receiving radiotherapy.

SUPPLEMENTARY TABLES

Correlations between the levels of cytokines in tumor tis-

sues and the tumor weights at the endpoint.
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Abstract. The tissue microenvironment is known to play a 
pivotal role in cancer metastasis. Interstitial fluid hydrostatic 
pressure generally increases along with the rapid growth of 
malignant tumors. The aim of the present study was to investigate 
the role and relevant mechanism of elevated hydrostatic pressure 
in promoting the metastasis of cancer cells. Using a commer‑
cial device, Lewis lung cancer (LLC) cells were exposed to 
50 mmHg hydrostatic pressure (HP) for 24 h. The survival time 
and morphology of the cells did not notably change; however, the 
results from a PCR array revealed the upregulation of numerous 
metastasis‑promoting genes (Hgf, Cdh11 and Ephb2) and the 
downregulation of metastasis suppressing genes (Kiss1, Syk 
and Htatip2). In addition, compared with that in the control, the 
cells which had undergone exposure to 50 mmHg HP showed 
significantly higher protein expression level of HIF‑1α and the 
antioxidant enzymes, SOD1 and SOD2, as well as improved 
tolerance to oxidative stress (P<0.05 vs. control). Following 
an intravenous injection of the LLC cells into healthy mice, to 
induce lung metastasis, it was found that the exposure of the LLC 
cells to 50 mmHg HP for 24 h, prior to injection into the mice, 
resulted in higher cell survival/retention in the lungs 24 h later 
and also resulted in more metastatic tumor lesions 4 weeks later 
(P<0.05 vs. control). Further investigation is required to confirm 
the molecular mechanism; however, the results from the present 
study suggested that elevated interstitial fluid HP in malignant 
tumors may promote the metastasis of cancer cells by stabilizing 
HIF‑1α expression to defend against oxidative damage.

Introduction

Metastasis occurs in ~90% of malignant tumors and is the 
leading cause of cancer‑associated mortality in patients with 
cancer worldwide (1,2). A number of biological factors and 
multiple signaling pathways, such as epithelial‑mesenchymal 
transition, resistance to apoptosis and angiogenesis have 
been associated with the complex processes of metastasis (3); 
however, a novel approach for effectively controlling tumor 
metastasis is still required.

Metastasis is defined as cancer cells leaving the original 
tumor mass and disseminating to other parts of the body via 
the bloodstream or lymphatic system. Therefore, the metastatic 
process represents a multi‑step event (3). For example, remote 
hematogenous metastasis requires the cancer cells to success‑
fully pass through the following steps: i) Transendothelial 
migration into the vessel (known as intravasation); ii) survival 
in the circulatory system; iii) attachment to the vessel wall 
and transendothelial migration out of the vessel (known as 
extravasation) and iv) eventually live and propagate at the distal 
site (4,5). All of these steps are accompanied with a change 
in the surrounding microenvironment, with various biome‑
chanical forces and oxidative stress (6); therefore, metastasis 
can be a stressful and inefficient event to the cancer cell (7).

Biomechanical forces have been demonstrated to play 
critical roles in regulating cell migration and prolifera‑
tion (8,9). With the rapid advancement of mechanobiology in 
recent years, it has become a hot topic for understanding 
how biomechanical forces mediate malignant tumor progres‑
sion (2,8). Beyond the mechanical stress during metastatic 
processes, it is also well‑known that elevated interstitial fluid 
hydrostatic pressure (HP) occurs in solid tumors  (10,11). 
Higher interstitial fluid HP in tumor mass has been demon‑
strated to be associated with a worse prognosis in patients 
with head and neck cancer (12). Furthermore, the exposure 
of cancer cells to 20 mmHg HP has been demonstrated to 
accelerate cell motility (8). However, it is not clear whether 
and how the elevation of interstitial fluid HP in tumor mass 
promotes the metastasis of cancer cells. 

Hydrostatic pressure stabilizes HIF‑1α expression in cancer 
cells to protect against oxidative damage during metastasis
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Notably, it has recently been reported that cyclical 
mechanical force can induce the stabilization of HIF‑1α 
and upregulate the protein expression level of CXCL2 in 
monocytes (13). HIF‑1α is well‑known as a master upstream 
regulator of oxidative stress, metabolism and DNA repair of 
cells (14‑16). Therefore, we hypothesized that elevated intersti‑
tial fluid HP in a rapid growing malignant tumor may stabilize 
HIF‑1α to promote the metastasis of cancer cells.

In the present study, mouse Lewis lung carcinoma (LLC) 
cells were exposed to 50 mmHg HP for 24 h, then the role of 
HP on the metastatic property of these cells was investigated 
using both in vitro and in vivo experiments.

Materials and methods

Cells and animals. The LLC cells (LL/2) were used for the 
experiments. The cells were maintained in DMEM (FUJIFILM 
Wako Pure Chemical Corporation), supplemented with 10% 
fetal bovine serum (Cytiva) and 1% penicillin/streptomycin 
(Gibco; Thermo Fisher Scientific, Inc.), and cultured at 37˚C in 
a humidified incubator with 5% CO2. 

A total of 19, male C57BL/6 mice (10‑12  weeks old; 
weight, 23‑25 g; CLEA Japan, Inc.) were used for the in vivo 
study. The mice were kept in specific, pathogen‑free condi‑
tions and were allowed free access to food and water under 
a controlled temperature (24±1˚C) with 55% humidity in a 
12‑h light/dark cycle. The animal experiments were approved 
by the Institutional Animal Care and Use Committee of 
Nagasaki University (approval no. 1608251335‑11). All the 
animal procedures were performed in accordance with 
institutional and national guidelines. At the end of the 
experiments, the mice were administered with general anes‑
thesia using an intraperitoneal injection of mixed anesthetics 
(0.75 mg/kg medetomidine, 4 mg/kg midazolam and 5 mg/kg 
butorphanol) and sacrificed by severing the abdominal aorta 
for blood removal. The removal of vital organs (lung tissue) 
was used as confirmation of the death of the mice following 
sacrifice. 

HP stimulation. HP was induced in the LLC cells using 
a pneumatic pressurizing system (Strex. Inc.). Briefly, the 
LLC cells were seeded in 60  mm diameter Petri dishes 
(1x105 cells/dish) and cultured for 36 h to form an adherent 
monolayer. The culture dishes were then randomly selected to 
move into a sealed chamber in which 50 mmHg HP was stably 
applied using the pneumatic pressurizing system and kept for 
24 h (HP group). The culture dishes without HP exposure were 
used as the control (CON group).

Cell morphology observation and cell count. Cell morphology 
was observed under a light microscope (1X71S8F‑3; Olympus 
Corporation) at x200 magnification, 24 h following HP expo‑
sure. Then, the cells were collected as a single cell suspension 
to measure the total cell number using a TC20™ Automated 
Cell Counter (Bio‑Rad Laboratories, Inc.).

Reverse transcription (RT)2 Profiler™ PCR array. To 
investigate the mRNA expression level of genes associated 
with metastasis, RNA was isolated from the cells using a 
Quick‑RNA™ MicroPrep kit (Zymo Research Corp.). The 

concentration of RNA was measured using a NanoDrop® 2000 
spectrophotometer (Thermo Fisher Scientific, Inc.). Then, 1 µg 
RNA was used to generate cDNA using the RT2 First Strand 
kit (Qiagen Corporation), at 25˚C for 10 min, 42˚C for 60 min, 
then 85˚V for 5 min. Mouse Tumor Metastasis RT2 Profiler™ 
PCR array (cat. no. 330231; Qiagen Corporation) was used 
with a RT2 SYBR‑Green Master mix, according to the manu‑
facturer's instructions and a Roche LightCycler 480 machine 
(Roche Diagnostics). The array contained a total of 84 genes 
associated with metastasis. The genes included in the assay 
were also defined by biological function by the manufacturer. 
The fold change in expression to the control was calculated 
using a web‑based data analysis program (https://geneglobe.
qiagen.com/jp/analyze). Among the 5 available housekeeping 
genes (Actb, B2m, Gapdh, Gusb and Hsp90ab1) in the array, 
Actb, Gusb and Hsp90ab1 were automatically selected as the 
optimal set of internal control for normalization. 

Adhesion assay. To evaluate the adhesion ability, the cells 
from both the HP and CON groups were harvested as single 
cell suspensions. Freshly harvested cells (5x104 cells in 5 ml 
DMEM) were seeded onto a 25‑cm2 Collagen I‑coated Flask 
(Thermo Fisher Scientific, Inc.). Following incubation for 
60 min, the unattached cells were gently removed by washing 
with PBS twice. The number of adherent cells was counted 
under a light microscope at x200 magnification. The average 
cell count from >20 randomly selected fields was used for 
statistical analysis.

Western blot analysis. The protein expression level of HIF‑1α, 
SOD1 and SOD2 was evaluated using western blot analysis, 
as previously described  (17). Total protein from the cells 
was extracted using 1X RIPA buffer (FUJIFILM Wako Pure 
Chemical Corporation) and the concentration was detected 
using a BCA assay. A total of 30 µg protein from each sample 
was separated using 10‑12% SDS‑PAGE, then transferred to 
0.2‑µm PVDF membranes (Bio‑Rad Laboratories, Inc.). After 
blocking with 5% skimmed milk for 1 h at room temperature, 
the membranes were incubated with primary antibodies against 
HIF‑1α (1:250 dilution; cat. no. ab1; room temperature for 2 h; 
Abcam), SOD1 (1:500 dilution; cat. no. sc11407; overnight 
at 4˚C; Santa Cruz Biotechnology, Inc.), SOD2 (1:500 dilution; 
cat. no. sc30080; overnight at 4˚C; Santa Cruz Biotechnology, 
Inc.) and β‑actin (1:1,000 dilution; cat. no. 8457S; overnight 
at 4˚C; Cell Signaling Technology, Inc.), followed by incubation 
with horseradish peroxidase‑conjugated secondary antibodies 
(rabbit anti‑mouse, 1:1,000 dilution; cat. no. P026002; goat 
anti‑rabbit, 1:1,000 dilution; cat. no. P044801) (both from 
Dako; Agilent Technologies, Inc.) at room temperature for 
1 h. The expression level was visualized using an enhanced 
chemiluminescence detection kit (Thermo Fisher Scientific, 
Inc.). Semi‑quantitative analysis was done using ImageQuant 
LAS 4000 mini detection system (v1.0; GE Healthcare Life 
Sciences).

Evaluation of oxidative stress tolerance. To evaluate oxidative 
stress tolerance, the cells from both groups were treated with 
0, 20 or 50 µM hydrogen peroxide (H2O2) in PBS at 37˚C for 
2 h. The apoptotic cells were stained with Annexin V‑FITC, 
while the necrotic cells were labelled with PI using an 
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Annexin V‑FITC Apoptosis Detection Kit (Abcam). The cells 
without staining were used as negative control. Quantitative 
flow cytometry analysis was performed using a FACSVerse™ 
flow cytometer and analyzed using BD FACSuite Software 
(v1.2 Suite 1.0.2) (both from BD Biosciences).

In addition, intracellular reactive oxygen species (ROS) 
was detected in the cells. Briefly, the cells from both groups 
were treated with 0, 20 or 50 µM H2O2 in PBS at 37˚C for 1 h, 
then incubated with 10 µM general oxidative stress indicator 
(CM‑H2DCFDA; Invitrogen; Thermo Fisher Scientific, Inc.) 
for another 30 min in the dark. Cells without staining were 
used as a negative control. The accumulation of intracel‑
lular ROS was measured by fluorescence intensity using a 
FACSVerse™ flow cytometer (BD Biosciences) and analyzed 
using BD FACSuite Software (v1.2 Suite 1.0.2) (both from 
BD Biosciences).

Experimental lung cancer metastasis model. To evaluate the 
metastatic potency, experimental lung cancer metastasis was 
induced in mice using an intravenous injection of LLC cells 
(5x105 cells in 0.5 ml saline) from the HP (n=6) and the CON 
(n=7) groups. A total of 4 weeks after the cells were injected 
into the mice, all the mice were sacrificed as aforementioned. 
Removal of lung tissue was used for both confirmation of mice 
death and experimental evaluation. Excised lung tissue was 
weighed and the number of tumor lesions on the lung surface 
was counted. For the mice that spontaneously died during 
the 4‑week follow‑up period, the date of death was recorded 
and the lung tissue samples were collected for evaluation. 
Statistical analysis of the overall survival rate of the mice was 
also determined.

Immunohistochemical staining. The cell proliferation and 
microvessel density in the metastatic lesions of the lungs 
was detected using immunohistochemistry staining. The 
lungs were fixed in 4% paraformaldehyde for 24 h, at 4˚C, 
and paraffin‑embedded sections (6‑µm thick) were deparaf‑
finized and rehydrated (xylene, 2x3 min washes; xylene 1:1 
with 100% ethanol, 3 min; 100% ethanol, 2x3 min washes; 
95% ethanol, 3  min; 70% ethanol, 3  min; 50% ethanol, 
3  min; running cold tap water to rinse). After blocking 
with 1% BSA in PBS (Sigma‑Aldrich; Merck KGaA), the 
sections were incubated with rabbit anti‑mouse Ki67 antibody 
(cat. no. ab16667; 1:100 dilution;) and rabbit anti‑mouse CD31 
antibody (cat. no. ab28394; 1:150 dilution) (both from Abcam) 
overnight at 4˚C, followed by incubation with the Alexa fluo‑
rescent 546‑conjugated goat anti rabbit IgG(H+L) secondary 
antibody (cat. no. A11013; 1:350 dilution; Invitrogen; Thermo 
Fisher Scientific, Inc.) at room temperature for 1 h. Nuclei 
were stained with 4, 6‑diamidino‑2‑phenylin‑dole (DAPI; 
cat.  no.  D21490; Thermo Fisher Scientific, Inc.) at  room 
temperature for 5 min. Positive staining was examined under 
a fluorescent microscope (FV10C‑W3; Olympus Corporation). 
The percentage of Ki67‑positive cells was calculated from 10 
randomly selected fields of view (5 fields/slide in 2 slides) 
and used for statistical analysis. The CD31‑positive stained 
structures were counted as microvessels and the average 
number of microvessels counted from 10 randomly selected 
fields of view (5 fields/slide in 2 slides) was used for statis‑
tical analysis.

PKH26 red f luorescent cell labeling. To evaluate the 
survival/retention of the LLC cells in the lungs of the mice, 
the cells were labelled with a PKH26 Red Fluorescent 
Cell Linker kit (Sigma‑Aldrich; Merck KGaA). Briefly, the 
cells were incubated with 2 µM PKH26 dye for 5 min at 
room temperature, as the manufacturer's recommenda‑
tions. Then, the mice were intravenously injected with the 
PKH26‑labelled cells (1x106 cells in 0.5 ml saline) from the 
HP (n=3) and the CON (n=3) groups. The mice were sacri‑
ficed 24 h following the injection and the lung tissue samples 
were collected. Cryosections (8‑µm thick) of the lung tissues 
were used for the direct detection of PKH26‑labelled LLC 
cells under a fluorescent microscope (FV10C‑W3; Olympus 
Corporation).

Statistical analysis. The data are presented as the mean ± SD. 
Statistical significance between two groups was determined 
using an unpaired t‑test (SPSS; v20.0; IBM Corp.). The survival 
of the mice was analyzed using a Kaplan‑Meier curve and 
statistical significance was determined using the log‑rank test 
(GraphPad Prism; v8.0.1; GraphPad Software, Inc.). P<0.05 
was used to indicate a statistically significant difference.

Results

Exposure of the LLC cells to 50 mmHg HP altered the mRNA 
expression level of numerous genes associated with metastasis. 
Firstly, the mRNA expression level of genes associated with 
metastasis was analyzed between the HP and CON groups. 
The RT2 Profiler™ PCR array revealed that numerous genes 
were up‑ or downregulated, with a >1.3‑fold difference in the 
HP group compared with that in the CON group (Table SI). 
The top 10 up‑ or downregulated genes are shown in Fig. 1A. 
Within the top 10  upregulated genes, the upregulation of 
several adhesion molecules was found, including Cdh1, Cdh11 
and Fn1 (Fig. 1B). In addition, the upregulation of numerous 
metastasis‑promoting genes, such as Hgf, Cdh11 and Ephb2, 
was also found. Within the top 10 downregulated genes, 
metastasis suppressors, including Kiss1, Syk and Htatip2, 
were frequently detected (Fig. 1B). The overall change in the 
gene expression profile indicated the potential role of HP in 
enhancing metastatic properties of the LLC cells. 

HP exposure enhances the adhesion property of the LLC 
cells. The exposure of the LLC cells to 50 mmHg HP for 24 h 
did not induce notable morphological changes (Fig. 2A). The 
total number of harvested cells was also comparable between 
the groups (P=0.70; Fig. 2A), indicating a limited effect of 
50 mmHg HP exposure on cell growth.

As the PCR array data indicated the upregulation of 
numerous adhesion molecules, the adhesion property of 
the cells was investigated. It was found that the exposure to 
50 mmHg HP significantly increased the number of adherent 
cells on a collagen I‑coated flask (P<0.05; Fig. 2B).

HP exposure increases the protein expression level of HIF‑1α 
and antioxidant enzymes in the LLC cells. HIF‑1α, a master 
regulator of the cellular adaptive response to hypoxia, is known 
to play critical roles in metabolic reprogramming (16) and 
metastasis (14) in cancer cells. Western blot analysis showed 

-314-



ZHAI et al:  HYDROSTATIC PRESSURE AND CANCER METASTASIS4

that the protein expression level of HIF‑1α was significantly 
increased in cells exposed to 50 mmHg HP for 24 h (P<0.01; 
Fig. 3A).

The protein expression level of the antioxidant enzymes, 
SOD1 and SOD2, which are HIF‑1α downstream signals 
(18,19), was also investigated. As expected, the exposure 

Figure 1. Change in the mRNA expression level of genes in the Lewis lung cancer cells following treatment with or without 50 mmHg HP for 24 h. The mRNA 
expression level of metastasis‑related genes was measured using a reverse transcription2 Profiler™ PCR array. The data are presented as the fold change in the 
cells with HP compared with that in the CON. The top 10 up‑ and downregulated genes are according to the (A) fold change and (B) the biological functional 
categories of the genes. HP, hydrostatic pressure exposure; CON, control. 

Figure 2. Survival and adhesion property of the Lewis lung cancer cells following treatment with or without 50 mmHg HP for 24 h. (A) Representative 
images of cell morphology under a phase‑contrast microscope (left) and quantitative analysis of the total number of surviving cells per petri dish (right). 
(B) Representative images (left) and quantitative data (right) of the adherent cells in collagen I‑coated flasks. Scale bar, 200 µm. The data are presented as the 
mean ± SD from 3 independent experiments. HP, hydrostatic pressure exposure; CON, control.
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of the cells to 50  mmHg HP for 24  h also significantly 
upregulated the protein expression level of SOD1 and SOD2 
(P<0.05; Fig. 3B and C). 

HP exposure induces the tolerance of the LLC cells to 
oxidative stress. In addition, the oxidative stress tolerance 
of the cells was investigated in vitro. Cell necrosis, under 
20 or 50 µM H2O2 treatment was significantly reduced in the 
LLC cells pretreated with 50 mmHg for 24 h (P<0.05; Fig. 4A); 
however, the percentage of apoptotic cells was not significantly 
different between the 2 groups treated with 20 or 50 µM H2O2 
(P=0.26 and P=0.45, respectively; Fig. 4A). 

The intracellular ROS level at the baseline (without H2O2 

stimulation) was detected at comparable levels between the HP 
and CON groups (Fig. 4B). Unexpectedly, 1‑h stimulation with 
20 or 50 µM H2O2 notably decreased the ROS accumulation 
in the LLC cells without pretreatment with 50 mmHg HP 
compared with that at baseline (Fig. 4B). By contrast, after 
1‑h stimulation with 20 µM H2O2, the ROS accumulation was 
slightly increased in the LLC cells pretreated with 50 mmHg 
HP compared with that at baseline. We hypothesized that the 
less intracellular ROS accumulation in the LLC cells without 
HP exposure was due to the severe cell damage or cell death, 
rather than the resistance to oxidative stress.

HP exposure promotes the metastasis of the LLC cells to the 
lungs. To evaluate the metastatic potency in vivo, the LLC cells 
were intravenously injected into healthy adult mice. Compared 
with that in the mice that received LLC cells without HP expo‑
sure, significantly worse survival was observed in the mice 
that received LLC cells pretreated with 50 mmHg HP (P<0.05; 
Fig. 5A). All the mice were killed 4 weeks following the injec‑
tion of the cells and the maximum percentage body weight 
loss observed was 9.3%. There were significantly more meta‑
static tumor lesions in the lungs of the mice in the HP group 
compared with that in the CON group (P<0.05; Fig. 5B and C). 
The weight of the lung tissue was also significantly higher in 
the HP group compared with that in the CON group (P<0.05; 
Fig. 5D). These data suggested that HP exposure promoted the 
metastasis of the LLC cells to the lungs. 

To further understand the mechanism involved, the LLC 
cells were labelled with PKH26 before intravenous injection 
into the mice, then the survival/retention of the cells in the 
lungs was analyzed 24 h later. As expected, more LLC cells 
(or cell clusters) were detected in the lungs from mice in the 
HP group compared with that in the CON group (Fig. 6A), 
suggesting an improved survival/retention of the LLC cells by 
pretreatment with 50 mmHg HP.

Cell proliferation and neovascularization in the meta‑
static lesions was also analyzed using immunostaining. The 
percentage of Ki67‑positive cells was not significantly different 
between the HP and CON groups (P=0.20; Fig. 6B). However, 
the density of the CD31‑positive microvessels in the metastatic 
lesions was significantly higher in the HP group compared 
with that in the CON group (P<0.05; Fig. 6C). 

Discussion

Various mechanical forces within the microenvironment of 
the tumor mass have been reported to play critical roles in the 
progression of malignant tumors (2). Owing to the hyper‑perme‑
ability of immature capillaries, the elevation of the interstitial 
fluid HP could be commonly induced by the presence of excess 
fluid accumulation within malignant tumors (20,21). A previous 
study has reported that HP may drive breast cancer cells toward 
a more invasive phenotype (9); however, the precise role and 
relevant mechanism of the mechanical forces in mediating 
metastasis is still not well understood.

To investigate the role of HP on the metastatic property of 
cancer cells, the LLC cells were exposed to 50 mmHg HP to 
mimic the in vivo tumor microenvironment, then the mRNA 
expression level of genes associated with tumor metastasis was 
analyzed. A PCR array indicated noticeable changes, including 
the upregulation of metastasis promotors (Hgf, Cdh11 and 
Ephb2) and the downregulation of metastasis suppressors 
(Kiss1, Syk and Htatip2) in the LLC cells following expo‑
sure to 50 mmHg HP for 24 h. The most upregulated gene, 
Ephb2, has been demonstrated to modulate the metastatic 
phenotype (22) and induce angiogenesis (23). The most down‑
regulated gene, Elane, has been demonstrated to modulate 

Figure 3. Protein expression level of HIF‑1α, SOD1 and SOD2 is increased following exposure of the LLC cells to 50 mmHg HP for 24 h. Representative blots and 
semi‑quantitative analysis of the protein expression level of (A) HIF‑1α, (B) SOD1 and (C) SOD2 in the LLC cells following treatment with or without 50 mmHg 
HP for 24 h. The data are presented as the mean ± SD from 5 independent experiments. HP, hydrostatic pressure; CON, control; LLC, Lewis lung cancer.
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neutrophil expression, inflammation and repair (24). Using 
an experimental lung metastasis model in mice, it was further 
confirmed that the LLC cells pretreated with 50 mmHg HP 
developed a significantly higher number of tumor metastasis 
lesions in the lungs. These data suggested that an elevated 
interstitial fluid HP in a rapidly growing malignant tumor may 
enhance the metastatic property of cancer cells. 

Additional experiments were performed to further under‑
stand how HP enhanced the metastatic property of the LLC cells 
from different aspects, according to the multi‑step processes of 
hematogenous metastasis. It is well‑known that cancer cells enter 
the circulation system and are exposed to hyperoxic arterial 
blood for hematogenous metastasis (6). Accumulating evidence 
suggests that oxidative stress kills most of the circulating cancer 
cells, resulting in a very poor efficiency of metastasis (6,7). 
Therefore, oxidative stress tolerance is essential for the 
successful metastasis of cancer cells. HIF‑1α is well‑known 
as an important mediator of metabolism reprogramming of 
cancer cells by regulating antioxidant enzymes and antioxidant 
properties (25). Notably, it has been recently demonstrated that 
cyclic mechanical force stabilizes HIF‑1α by reducing protein 

degradation (13). Consistently, the results from the present study 
showed the upregulation of HIF‑1α protein expression level in 
the LLC cells following exposure to 50 mmHg HP for 24 h. 
In addition, the protein expression level of the antioxidant 
enzymes, SOD1 and SOD2, the direct downstream targets 
of HIF‑1α (18,19), were also significantly increased in cells 
exposed to 50 mmHg HP. This could contribute to enhancing 
antioxidant capacity of cancer cells for remote hematogenous 
metastasis. Consistent with the upregulation of various adhesion 
molecules, the exposure to 50 mmHg HP also enhanced the 
adhesion property of the LLC cells, as shown by the results of 
the in vitro adhesion and the in vivo cell tracking assays.

HIFs are heterodimeric proteins composed of HIF‑α and 
HIF‑1β subunits. HIF‑1α is an O2‑regulated subunit, while 
HIF‑1β is a constitutively expressed subunit (26). The protein 
expression level of HIF‑1α has been reported to be overexpressed 
in numerous malignant tumors, including lung, prostate, breast 
and colon carcinomas (27,28). It has been demonstrated that the 
enhanced protein expression level of HIF‑1α was associated with 
poor prognosis in patients with breast, oropharyngeal and pros‑
tate cancer (29‑31). As a master regulator of cellular response 

Figure 4. Tolerance of the LLC cells to oxidative stress. The LLC cells were treated with or without 50 mmHg HP and with 0, 20 and 50 µM H2O2. The 
apoptotic/necrotic cells and intracellular ROS was subsequently detected using flow cytometry. (A) Representative flow cytometry plots (left) and quantitative 
data (right) of the number of apoptotic and necrotic cells. (B) Representative histograms (upper) and quantitative data (lower) of the mean intensity of the 
intracellular ROS levels. The data are presented as the mean ± SD from three independent experiments. HP, hydrostatic pressure; CON, control; LLC, Lewis 
lung cancer; ROS, reactive oxygen species; H2O2, hydrogen peroxide.
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to hypoxia, HIF‑1 can induce the transcription of several genes 
involved in angiogenesis, cell proliferation and cell metabo‑
lism (15,32). One of the most popularly recognized downstream 
genes of HIF‑1 is vascular endothelial growth factor (VEGF), 
which is known to induce angiogenesis for the rapid growth of 
malignant tumors (33). VEGF, originally named as vascular 
permeability factor, was first identified as a tumor‑secreted factor, 
which increases vascular permeability and promotes the accu‑
mulation of ascite fluid (21). Considering the hyper‑permeability 
of microvessels in the tumor (34), it is reasonable to hypothesize 
that an excess accumulation of exudate in the interstitial space 
contributes, at least in part, to the increase of the interstitial fluid 
HP in the tumor mass. As a result, elevated HP may stabilize 
HIF‑1α, which thereby induces VEGF and antioxidant enzymes 
to accelerate the growth and metastasis of malignant tumors.

There is a caution in Cellosaurus that the LLC cells (LL/2) 
could be identical to 3LL cells. It is reported that LL/2 cell line 
could be identical to 3LL cell line because both of them are from 
mouse Lewis lung carcinoma and show the same biological 
characteristics. Therefore, this will not affect the conclusion of 
the present study.

A total of 4 weeks after the cells were injected into the 
mice was used as the humane endpoint, based on clinical signs 
(reduced intake and activity) and pathophysiological changes 
(weight loss >20%). During the follow‑up for 4 weeks, the 
progression of tumor metastasis in the lungs of the mice was 
not directly monitored; however, it was indirectly monitored 
by observing the clinical signs (intake and activity) and patho‑
physiological changes (weight loss) of mice. 

For the 7 mice that died spontaneously, prior to the end 
of the 4‑week follow‑up time in the lung metastasis mice 
model, it was confirmed that the 7 mice did not die from lung 
metastasis‑induced respiratory failure or systemic cachexia. 

We hypothesized that the cause of spontaneous death may be 
due to another cause, based on the following: i) There were no 
signs of severe clinical symptoms in the 7 mice following daily 
monitoring; ii) based on the assessment of the exercised lungs, 
there were fewer metastatic lesions in the lungs of the 7 mice; 
iii) according to the examination of the 7 mice after sacrifice, 
there was no serious bleeding, inflammation or purulent 
secretions in the body, no notable signs of metastasis or organ 
necrosis was found in the chest cavity or in any of the other 
organs and no obvious occurrence of cachexia was found.

The present study has several limitations. First, a single cell 
line was used and the cells were only exposed to 50 mmHg HP 
for all the experiments. This is due to the following reasons: 
i) The present study was designed to examine whether an elevated 
HP could promote the metastasis of cancer cells; ii) the C57BL/6 
mice were used for in vivo experiments and the LLC cell line is 
the most reproducible syngeneic model for evaluating lung metas‑
tasis to date (35); iii) interstitial fluid pressure in solid malignant 
tumors could be elevated to ~30 mmHg HP (12,36) and iv) the 
exposure of the LLC cells to 50 mmHg HP altered the mRNA 
expression level of genes associated with metastasis; however, 
higher pressure (100 mmHg) induced cell death and cell debris 
production (data not shown). Therefore, further experiments are 
required to exposure different cancer cell lines with different 
HPs. Second, the PCR array was not repeated due to a limited 
budget. In addition, the fold‑change result may also have greater 
variations if P>0.05; therefore, it is important to have a sufficient 
number of biological replicates to validate the array data. However, 
a mixture of RNA samples was used from three independent 
experiments to generate the cDNA for a single PCR array in each 
group. Therefore, the PCR array data was expressed as the average 
level in 3 samples from each group. Third, further interventional 
experiments, such as the interference of the HIF‑1α signaling 

Figure 5. Experimental lung metastasis model in healthy adult mice. The Lewis lung cancer cells were treated with or without 50 mmHg HP and were 
intravenously injected into the mice, then lung metastasis was evaluated 4 weeks later. (A) Kaplan‑Meier curves show the survival probability of the mice. 
(B) Quantitative data and (C) representative images of tumor metastasis lesions on the surface of lungs. (D) The weight of lung tissues. The data are presented 
as the mean ± SD. HP, hydrostatic pressure; CON, control.
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pathway was not performed, as silencing HIF‑1α alone would 
change cell biological properties. Furthermore, multiple factors, 
including the increase in mRNA expression level of HIF‑1α and 
adhesion molecules could be involved in the HP‑induced cancer 
cell metastasis; therefore, a genetic intervention approach to 
directly confirm the role of HIF‑1α was not performed in the 
present study. Forth, Annexin V‑positive apoptotic cells were only 
analyzed using flow cytometry and the expression level of other 
apoptotic proteins, such as the caspase family, can also be used 
to indicate apoptosis. In addition, a colony‑forming assay was 
not included, as the potential role of HP in cancer cell metastasis, 
rather than tumorigenesis and tumor growth was the aim of the 
present study. 

From the results in the present study, an elevated HP in 
rapidly growing malignant tumors may enhance the metastatic 
potency of cancer cells via complex mechanisms, including the 
increase in the mRNA expression level of adhesion molecules to 
improve cell adhesion and the stabilization of HIF‑1α to induce 
the expression of antioxidant enzymes to defend against oxida‑
tive damage during metastasis (Fig. 7). It is critical to elucidate 
the comprehensive molecular mechanisms underlying the stabi‑
lization of HIF‑1α by HP in further investigations.
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EXPERIMENTAL STUDY

Ex Vivo Hydrostatic Pressure Loading of Atrial Tissues Activates
Profibrotic Transcription via TGF-β Signal Pathway

Xu Zhang,1,2 Mhd, Yousuf Yassouf,1,2, Kai Huang,1,2, Yong Xu,1,2, Zi-Sheng Huang,1,2, Da Zhai,1,2,

Reiko Sekiya,1,2, Ke-Xiang Liu,3 MD and Tao-Sheng Li,1,2 MD

Summary
Excessive mechanical stress causes fibrosis-related atrial arrhythmia. Herein, we tried to investigate the

mechanism of atrial fibrogenesis in response to mechanical stress by ex vivo approach. We collected atrial tis-

sues from mice and then cultured them as “explants” under atmospheric pressure (AP group) or 50 mmHg hy-

drostatic pressure loading (HP group) conditions. Pathway-specific PCR array analysis on the expression of

fibrosis-related genes indicated that the loading of atrial tissues to 50 mmHg for 24 hours extensively upregu-

lated a series of profibrotic genes. qRT-PCR data also showed that loading atrial tissues to 50 mmHg enhanced

Rhoa, Rock2, and Thbs1 expression at different time points. Interestingly, the enhanced expression of Thbs1 at 1

hour declined at 6-24 hours and then increased again at 72 hours. In contrast, an enhanced expression of Tgfb1
was observed at 72 hours. In contrast, daily loading to 50 mmHg for 3 hours significantly accelerated the out-

growth of mesenchymal stem-like stromal cells from atrial tissues; however, we did not observe significant phe-

notypic changes in these outgrowing cells. Our ex vivo experimental data clearly show the induction of profi-

brotic transcription of atrial tissues by HP loading, which confirms the common pathological feature of atrial fi-

brosis following pressure overload.

(Int Heart J 2022; 63: 367-374)

Key words: Mechanical stress, Mechanotransduction, Fibrogenesis, Arrhythmia

A
trial arrhythmia, such as atrial fibrillation (AF),

whose treatment remains thorny, is the most com-

mon rhythm disturbance encountered in the clini-

cal setting.1) The most common pathogenesis of AF is

atrial fibrosis. Many studies already reported that exces-

sive mechanical stresses play critical role in atrial fibrosis

development.2-4) Although various profibrotic signals, espe-

cially the transforming growth factor-β (TGF-β), can in-

duce interstitial fibrogenesis, the question remains to fur-

ther clarify the molecular and cellular mechanisms of

atrial fibrosis in response to mechanical stresses.

Mechanotransduction, the process of cells that sense

the mechanical force from the microenvironment through

mechanosensing receptors and then translate mechanical

stress into biochemical signals, plays vital roles in tissue

cell homeostasis and pathology, such as fibrogenesis.5)

TGF-β signaling pathway is the core in mechanotransduc-

tion of cardiac fibrosis. Additionally, as an essential signal

isoform, TGF-β1 induces the expression of profibrotic

genes through the canonical signaling pathway with acti-

vation of Smad2/3, or through noncanonical signaling

pathways with activation of RhoA and its downstream

kinase ROCK.6) As a multicomponent target, RhoA/ROCK

signaling is known to involve in cardiac fibrosis.7)

Thrombospondin-1 (TSP-1), another member of the TGF-

β superfamily, can also be excessively induced in response

to various stresses or tissue damage.8)

Mechanical stresses modulate many aspects of cell

function, such as proliferation and differentiation, from

single cells to pattern formation in whole organisms.9)

Stromal cells within the defined tissues/organs are known

to be the key player of fibrogenesis. Using a mouse uni-

lateral ureteral obstruction model, we recently demon-

strated that renal stromal cells shift to profibrogenic phe-

notype.10) Thus, we reasonably speculate the fibrotic phe-

notypic shifting of atrial stromal cells in response to ex-

cessive mechanical stresses, but direct experimental evi-

dence is needed.

By ex vivo loading mouse atrial tissues to 50 mmHg

HP, a kind of mechanical compressive stresses, we investi-

gated the dynamic changes on the expression of fibrosis-

related genes and the biological properties of stromal

From the 1Department of Stem Cell Biology, Nagasaki University Graduate School of Biomedical Sciences, Nagasaki, Japan, 2Department of Stem Cell

Biology, Atomic Bomb Disease Institute, Nagasaki University, Nagasaki, Japan and 3Department of Cardiovascular Surgery, The Second Hospital of Jilin

University, Jilin, China.

This study was mainly supported by a Grant-in-Aid for the Ministry of Education, Science, Sports, Culture and Technology of Japan and the Collaborative

Research Program of the Atomic Bomb Disease Institute of Nagasaki University.

Address for correspondence: Tao-Sheng Li, MD, Department of Stem Cell Biology, Atomic Bomb Disease Institute, Nagasaki University, 1-12-4 Sakamoto,

Nagasaki, Nagasaki 852-8523, Japan. E-mail: litaoshe@nagasaki-u.ac.jp

Received for publication August 10, 2021. Revised and accepted November 8, 2021.

Released in advance online on J-STAGE March 15, 2022.

doi: 10.1536/ihj.21-481

All rights reserved by the International Heart Journal Association.

367

-322-



Int Heart J

March 2022368 ZHANG, ET AL

cells.

Methods

Experimental animals: C57BL/6 male mice (9-12 weeks

old, CLEA, Japan) were used in this study. All experi-

ments were approved by the Institutional Animal Care and

Use Committee of Nagasaki University (No.1608251335-

9), and animal procedures were performed following insti-

tutional and national guidelines.

Ex vivo culture of atrial tissues as “explants”: The ex
vivo culture of atrial tissues as “explants” was performed

as described previously,11) with a few modifications.

Briefly, mice were administered general anesthesia by an

intraperitoneal injection of mixed anesthetic (0.75 mg/kg

medetomidine, 4 mg/kg midazolam, 5 mg/kg butorpha-

nol). Next, atrial tissues were collected into 6-cm dishes

with 2 mL PBS and then minced into small fragments (al-

most 1 mm × 1 mm) using a surgical knife under zoom

stereomicroscope (Olympus SZ61). Then, the minced tis-

sue fragments were moved onto 6-cm culture dishes

coated with 15 ug/mL fibronectin (CORNING) for cultur-

ing as “explants.” We used Iscove’s Modified Dulbecco’s

Medium with the supplement of 10% fetal bovine serum

(HyClone, Thermo Scientific), 1% penicillin/streptomycin

(Wako), and all culture was performed at 37°C in a hu-

midified incubator under 5% CO2 and 95% air.

Hydrostatic pressure loading: We loaded the atrial “ex-

plants” to 50 mmHg hydrostatic pressure (HP group), by

using a set of commercial devices (STREX, Inc.). Of

which, gas from the incubator flowed continuously into a

closed container to keep the HP at 50 mmHg while main-

taining the same temperature, humidity, and CO2 level as

the incubator. As a control, the atrial “explants” were kept

in a common CO2 incubator with AP.

Mouse fibrotic pathway-specific PCR array analysis:
To compare the expression of fibrosis-related genes be-

tween HP and AP groups, we mixed an equal amount of

RNA from three independent mice atrial tissue samples of

each group for PCR array analysis. Briefly, total RNA

was purified by using Quick-RNA™ Microprep Kit

(ZYMO RESEARCH). The RNA concentration was deter-

mined using a NanoDrop 2000 spectrophotometer

(Thermo Fisher Scientific), and 1 ug of RNA was used to

generate cDNA using the RT2 First Strand Kit (Qiagen).

The mouse fibrosis RT2 Profiler PCR array was performed

according to the manufacturer’s instructions (#330231

PAMM-120ZA, Qiagen). This PCR array profiles 84 key

genes involved in dysregulated tissue remodeling during

the repair and healing of wounds. RocheⓇLightCyclerⓇ480

was used to performing the PCR procedure. Qiagen’s on-

line web analysis tool was utilized to analyze the data.

B2m and Hsp90ab1 were used as reference genes. The

fold changes of gene expression were calculated by deter-

mining the ratio of HP group to AP group.

qRT-PCR: To investigate the time-course dynamics of the

transcription on Rhoa, Rock1, Rock2, Tgfb1, and Thbs1 in

atrial tissues following HP loading, we collected atrial

“explants” at 1, 6, 24, and 72 hours (n = 3, at each time

point for both groups) after the initiation of culture, and

we purified total RNA as described above. For qRT-PCR,

the first-strand cDNA was synthesized with SuperScript™
VILO™ MasterMix (Invitrogen) according to the manu-

facturer’s recommendations, and the RT-PCR was per-

formed using THUNDERBIRDⓇSYBRⓇqPCR MIX

(TOYOBO) with the CFX96™ Real Time System (BIO-

RAD). The gene expression was normalized by house-

keeping gene B2m. Primers used for qPCR were the fol-

lowing: Rhoa (Forward: 5'- AGC TTG TGG TAA GAC

ATG CTT G -3', Reverse:5'- GTG TCC CAT AAA GCC

AAC TCT AC -3'); Rock1 (Forward: 5'- AGC TTT TGT

TGG CAA TCA GC -3', Reverse:5'- ACT TTC CTG

CAA GCT TTT ATC CA -3'); Rock2 (Forward: 5'- CAG

TCC CTG GGT AGT TCA GC -3', Reverse:5'- GCC

TGG CAT ATA CTC CAT C -3'); Tgfb1 (Forward:5'-CTG

CGC TTG CAG AGA TTA AA-3', Reverse:5'-GAA AGC

CCT GTA TTC CGT CT-3'); Thbs1 (Forward:5'-GGA

ACG GAA AGA CAA CAC TG-3', Reverse:5'-AGT TGA

GCC CGG TCC TCT TG-3').

Monitoring the outgrowth of stromal cells from atrial
tissues: To further investigate the effect of HP loading on

stromal cells, atrial tissues from mice were collected into

6-cm dish and minced into small fragments as described

above. Then, the minced tissue fragments were randomly

moved onto fibronectin-coated 6-cm dishes (a total of 40

pieces of minced tissue fragments/dish) and then cultured

as “explants” with daily loading to 50 mmHg for 3 hours

(HP group) or without pressure loading (AP group). The

outgrowth of stromal cells from atrial “explants” was ob-

served every other day, and we counted the number of

“explants” with cell outgrowth at different time points

(Supplemental Table I). The number of “explants” with

cell outgrowth was divided by the total number of seeded

“explants” at each time point, and then, the percentiles

were used to draw the cell growth curves. Next, we col-

lected the outgrowth cells at 12 days after the initiation of

culture, and the total number of outgrowth cells was

counted using a NucleoCounter cell-counting device

(ChemoMetecA/S, Denmark). Three independent experi-

ments were performed (n = 3 for both AP and HP

groups).

Immunofluorescence staining: We also investigated the

expression of CD105, CD90, and α-SMA in the out-

growth cells by immunofluorescence staining as described

previously.10) Briefly, the first-passaged outgrowth cells

were cultured in 8-well chamber slides (1 × 104 /well,

Lab-Tek, Thermo Scientific Nunc) coated with 15 ug/mL

fibronectin (CORNING). Next, the cells were fixed with

4% paraformaldehyde phosphate buffer solution (Wako).

After blocking, the cells were incubated with rabbit anti-

mouse CD90 antibody (1:50 dilution, Abcam), rabbit anti-

mouse CD105 antibody (1:50 dilution, Abcam), or rabbit

antimouse α-SMA antibody (1:100 dilution, Abcam), re-

spectively. Positive staining was detected using Alexa

Fluorescent 546 goat antirabbit Ig (1:400 dilution, Dako)

secondary antibody. The nuclei were stained with 4’,6-

diamidino-2-phenylindole (DAPI, Thermo Scientific). The

immunofluorescence was examined under a microscope

(FV10CW3, Olympus). We counted the positively stained

cells or measured mean intensity in ten images of each

experiment. The percentage of positive cells or mean in-

tensity from three independent experiments was used for
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Figure　1.　PCR array analysis on the expression of fibrosis-related

genes in atrial tissues after 24 hours culture under 50 mmHg HP and 

AP. The scatter plots describe the relative expression between groups. 

Genes with more than 1.5-fold upregulation (red dots) and downregu-

lation (green dots) are highlighted.

Figure　2.　The functional categorization on the fibrosis-related genes included in PCR array analysis. A: The number of genes that upregulated 

and downregulated over 1.5-fold in atrial tissues after 24 hours culture under 50 mmHg HP. B-F: Data are also presented by dividing these genes 

into different categorizations according to their biological functions. Fold change of each gene functionally belongs to ECM and cell adhesion 

molecules (B), inflammatory cytokines and chemokines (C), TGF-β superfamily members (D), transcription factors (E), and growth factors (F).

statistical analysis.

Statistical analysis: All the values were presented as the

mean ± SD. For comparison of multiple sets of data, one-

way analysis of variance followed by Tukey’s test (Dr.

SPSS II, Chicago, IL) was used for statistical analyses.

For comparison of two sets of data, unpaired two-tailed t-

test was used for statistical analyses. All analyses were

carried out with the SPSS19.0 statistical software (IBM

SPSS Co., USA). A P-value of less than 0.05 was ac-

cepted as significant.

Results

Loading the atrial tissues to 50 mmHg prevalently
upregulated the expression of profibrotic genes: We

first screened the overall changes in the expression of

fibrosis-related genes in atrial “explants” loaded with 50

mmHg HP using the mouse RT2 Profiler PCR array (Sup-

plemental Table II). A scatter plot showed that 24 hours

loading of atrial tissues to 50 mmHg upregulated many

fibrosis-related genes by more than 1.5-fold (Figure 1), al-

though a few genes showed a downregulation by more

than 1.5-fold. We further categorized these genes accord-

ing to their biological functions (Figure 2A) and noticed

that these genes that functionally related to the ECM and

cell adhesion molecules (Figure 2B), Inflammatory cytoki-

nes and chemokines (Figure 2C), TGF-β superfamily

members (Figure 2D), Transcription factors (Figure 2E),

and growth factors (Figure 2F) were widely upregulated.
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Figure　3.　Time-course dynamics on the expression of Rhoa, Rock1, Rock2, Tgfb1, and Thbs1 in atrial tissues followed by ex vivo loading to 50 

mmHg HP. Quantitative RT-PCR data shows the relative expression of Rhoa (A), Rock1 (B), Rock2 (C), Tgfb1 (D), and Thbs1 (E) at 0, 1, 6, 24, 

72 hours after culture. Data are represented by three independent experiments at each time point. *P < 0.01 versus AP group. AP indicates atmo-

sphere pressure; and HP, hydrostatic pressure.

Loading the atrial tissues to 50 mmHg activated the
TGF-β signaling pathway: Based on the changes of the

PCR fibrosis array, we found that TGF-β is the most af-

fected pathway; thus, we tried to check the dynamics of

mechanotransduction in response to HP through this path-

way. We loaded the atrial tissues with either 0 or 50

mmHg for 1, 6, 24, and 72 hours. Then, we evaluated the

gene expression of Rhoa, Rock1, Rock2, Tgfb1, and Thbs1
at each time point. Our qRT-PCR data showed that, as a

mechanosensitive multicomponent target of TGF-β non-

canonical signaling pathways, the expression of Rhoa and

Rock2 was significantly enhanced at 72 hours by 50

mmHg loading (P < 0.01, Figure 3A, C). However, as an-

other downstream target of Rhoa, the expression of Rock1
was not changed much at any time point following 50

mmHg loading (Figure 3B). Interestingly, the expression

of Thbs1 was quickly induced at 1 hour, but it declined at

6-24 hours, and then increased again at 72 hours after 50

mmHg loading (Figure 3E). In contrast, the expression of

Tgfb1 was not induced at the early time windows, but it

was robustly enhanced at 72 hours after 50 mmHg load-

ing (P < 0.01, Figure 3D).

Daily loading of the atrial tissues to 50 mmHg acceler-
ated the outgrowth of stromal cells: The outgrowth of

fibroblast-like stromal cells from atrial “explants” was ob-

served mostly at 3-5 days after the initiation of culture,

but the outgrowth cells from some “explants” in the HP

group could be observed even at the second day of culture

(Figure 4A). By plotting the percentiles of “explants” with

cell outgrowth, we found that the cell outgrowth from

“explants” was significantly earlier in HP group than AP

group (Figure 4B). Next, we harvested all the outgrowth

cells 12 days after the initiation of culture, and the total

number of outgrowth cells was also significantly increased

by daily loading the atrial tissue to 50 mmHg for 3 hours

(P = 0.03, Figure 4C).

Further, we investigated the phenotypic characteris-

tics of these cells that outgrew from atrial “explants” by

immunostaining on the expression of CD90, CD105, and

α-SMA (Figure 5). Extensive expression of CD90 and

CD105 (almost 90%) was observed in these outgrowth

cells (Figure 5A, B), suggesting a mesenchymal stem cell-

like phenotype. Although the expression of α-SMA tended

to slightly increase in these outgrowth cells from the HP

group, no significant difference was found between groups

(P = 0.07, Figure 5C).

Discussion

Clinical practice and animal experiments indicate that

pressure overload-induced atrial fibrosis and remodeling

play a vital role in the pathology of rhythm disturbance.12)

In addition to endothelial cells undergoing additional

shear stress, cardiac tissue is mainly exposed to mechani-
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Figure　4.　The outgrowth of stromal cells from atrial tissues with daily ex vivo loading to 50 mmHg HP for 3 hours. A: Representative images 

show the cells outgrowing from the atrial “explants” at 3 and 7 days after initiation of culture. B: The curve lines appear the percentiles of “ex-

plants” with cell outgrowing at different time points after the initiation of culture. C: The total number of outgrowth cells harvested at 12 days 

after the initiation of culture. Data are represented by three independent experiments. *P < 0.05 versus AP group. AP indicates atmospheric pres-

sure; and HP, hydrostatic pressure.

cal compression stress. It is well known that mechanical

stretch induces profibrotic fibroblast phenotypes, which is

thought to promote the development of AF.13,14) Recent

studies also showed that HP involves in atrial remodel-

ing.15,16) However, the molecular and cellular mechanisms

of atrial fibrosis in response to HP have not yet been well

understood.

By ex vivo loading the atrial tissues from healthy

mice to 50 mmHg HP, we confirmed the extensive en-

hancement on the expression of profibrotic genes. We fur-

ther functionally classified these genes according to RT2

Profiler PCR array manufacturer’s instructions. Among

these genes associated with ECM and cell adhesion mole-

cules, the most upregulated genes were integrin and ma-

trix metalloproteinase (MMP) family members. Indeed,

previous studies showed that mechanical stress increases

the mechanosensitive integrin subunit and induces the ex-

pression of Mmp8, Mmp9, and Mmp13 in fibroblasts.17-19)

Mechanical stress can also induce the expression of tran-

scription factors associated with inflammatory response

and tissue remodeling, such as Myc, Jun, Nfκb.20,21) Coin-

cidentally, the loading of atrial tissues to HP also en-

hanced the expression of many transcription factors

known as the master regulators of inflammatory cytokines

and growth factors in our study. A computer biology

model applied in a recent study demonstrated that the

mechanosignaling network in the heart can be started

from the mechanosensing step by several mechanosensors,

such as integrin and angiotensin receptor, then induces the

activation of multiple signaling cascades, such as TGF-β
and RhoA/ROCK pathway, and finally alters the transcrip-

tion of related genes to induce remodeling.22)

TGF-β signal pathway is considered as the core in

mechanotransduction of fibrogenesis in response to pres-

sure overload to the heart. As an important signal isoform,

TGF-β1 can trigger the activation of cardiac fibroblasts,

induce profibrotic genes through the canonical signaling

pathway with activation of Smad2/3, or the noncanonical

signaling pathways with activation of Rho/ROCK.6) Recent

studies further demonstrated that intermittent compressive

force induces TGF-β1 expression in human periodontal fi-

broblasts.23,24) As a branch of TGF-β noncanonical signal-

ing pathways, Rho/ROCK signaling plays a crucial role in

various cellular processes, such as cell proliferation and

migration. ROCK2 is known to be involved in angiotensin

II-induced cardiac hypertrophy, and ROCK2-deficient

mice are resistant to pressure overload-induced cardiac hy-

pertrophy.26,27) Moreover, a recent study further demon-

strated that specific ROCK2 deficiency in cardiac fibro-

blasts protects the heart from angiotensin II-induced car-

diac fibrosis.28) Consistent with these previous studies, our

data supported the mechanotransductive role of RhoA/

ROCK2 in cardiac fibrosis. Although it has also been re-

ported that the potential role of ROCK1 in the heart in re-

sponse to mechanical stress,29) we did not find the induc-

tion of ROCK1 in atrial tissues by ex vivo loading to 50

mmHg within 72 hours follow-up. We speculate that the

mechanical stress threshold may be higher for inducing

ROCK1 compared to ROCK2.

TSP-1, a mechanosensitive multi-functional matricel-

lular protein of the TGF-β superfamily, has been identi-

fied to play a major role in cardiac fibrosis, mainly by ac-
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Figure　5.　Immunocytochemical analysis on the expression of CD90, CD105, and α-SMA in the outgrowth cells. Representative images (left) 

and quantitative bar graph data (right) show the expression of CD90 (A), CD105 (B), and α-SMA (C) in the outgrowth cells from atrial “ex-

plants.” Scale bar: 20 μm. AP indicates atmospheric pressure; and HP, hydrostatic pressure.

tivating the TGF-β isoforms, which in turn induces TSP-1

expression.30-32) A recent study in mice demonstrated that

TSP-1 deletion leads to the maladaptive remodeling of the

aorta in response to pressure overload,33) suggesting the

protective role of TSP-1 in response to mechanical stress.

Interestingly, our data showed that ex vivo loading atrial

tissues to 50 mmHg quickly induced the expression of

Thbs1; however, the expression of Thbs1 increased again

at 72 hours after the loading to 50 mmHg. The biphasic

changes of TSP-1 in response to mechanical stress may

represent dual roles of TSP-1 in the heart. In other words,

instead of the cardioprotection about the increased TSP-1

soon after suffering from mechanical stresses, a delayed

increase of TSP-1 may promote fibrogenesis in the heart

with a persistent pressure overload. As we purified total

RNA from the outgrowth cells together with the “ex-

plants” for the qRT-PCR analysis, data from our study re-

flected the comprehensive response of atrial tissues to HP.

Stromal cells, such as fibroblasts, within the defined

tissues/organs, are known to be the key player of fibro-

genesis. A recent study demonstrated that the increased

stretch force or matrix stiffness promotes the proliferation

and activation of cardiac fibroblasts.14) Based on our ob-

servative data, HP loading accelerated the cell outgrow

from “explants” (Figure 3B) and increased the yield of

outgrowth cells (Figure 4C), suggesting the potential role

of stromal cells in the atrial fibrosis in response to pres-

sure overload. Although we did not further evaluate the

regulatory role of RhoA, Rocks, and TSP-1 on outgrowth

cells at a protein level, the upregulated mRNA expression

suggests the probable role on the proliferation, migration,

and other biological characteristics of resident stromal

cells in response to HP.

We previously reported that cardiac-derived mesen-

chymal stem-like cells positively express CD90 and

CD105, two markers commonly used for detecting mesen-
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chymal stem stromal cells.34) The extensive expression of

CD105 and CD90 in these outgrowth cells suggests the

mesenchymal stem-like cell characteristics. Although re-

searchers previously reported the heterogeneity on the ex-

pression of CD90 in cardiac-derived stromal cells from

human beings,35) HP loading barely changed the expres-

sion of CD90 and CD105 in outgrowth cells in this study.

As we did not evaluate the proliferative activity in this

study, whether HP loading could change the proliferation

of stromal cells is kept unknown. Researchers recently re-

ported that the exposure of human cardiac fibroblasts to

200 mmHg for 8 hours significantly suppresses α-SMA

expression.36) Unexpectedly, as a typical marker of myofi-

broblasts, the expression of α-SMA was not significantly

induced in response to loading of atrial tissues to 50

mmHg. The magnitude and duration of HP and the differ-

ence in experimental methods might affect the phenotypic

shift of stromal cells.

This study exhibits some limitations. First, PCR array

analysis was performed only once by using a mixture of

RNA from three independent samples. Second, due to the

tiny size of mouse atrial tissues, we could not collect

enough protein to perform Western blotting analysis for

further confirming the relevant molecular mechanism on

our findings. Third, we only used 50 mmHg HP for all

experiments, and optimizing the experimental conditions

in future studies is necessary.

Conclusion

Our data showed the induction of profibrotic tran-

scription of atrial tissues by HP loading, likely by activat-

ing TGF-β signal pathway and stromal cells. Data from

the ex vivo experimental approach provided indirect evi-

dence on the common pathological features of atrial fibro-

sis following pressure overload.
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１．研究概要（1）

1）目的（Goal）

2）戦略（Approach）

3）材料と方法（Materials and methods）

4）実験結果（Results）

5）考察（Discussion）

6）参考文献（References）
1. Purpose:
To form the three-dimensional bile duct structure and integrated duct-hepatocyte tissue from human CLiPs.
2. Backgrounds:
The integrity of liver cell function depends on the integrity of the total triad. Portal triads are composed of three major tubes.
Branches of the hepatic artery carry oxygenated blood to the hepatocytes, while branches of the portal vein carry blood with
nutrients from the small intestine. The bile duct carries bile products away from the hepatocytes to the larger ducts and gall
bladder. Therefore, it is necessary to form the structure including the material supply and metabolic waste discharge in
regenerative liver tissue so that the hepatic tissue can maintain completed hepatic function for a long term. Herein, we have been
able to successfully use rat CLiPs (a small chemical-induced liver progenitor cells developed by Dr. Katsuda) to induce 3D bile duct
structure. If we want to form human liver tissue including bile duct and vascular, we have to establish the human 3D bile duct, but
we have not yet completed the differentiation of human CLiPs into 3D bile duct structure. Therefore, we need to use human CLIP to
induce 3D bile duct.
3. Method:

 1.Human CLIPs were induced to form 3D bile duct structure in 3D culture system: MEF cell as feeder cell and Matrigel provides with
3D environment.

 2.BIM (bile duct induced medium) combinate with growth factors (HGF and EGF) would be investigated.
Result:

 1.Phase image and RT-qPCR showed that the FAC can successfully induce cryohepatocytes to human CLiPs.
 2.Inducing human CLiPs to cholangiocytes and formation of the 3D bile duct structures：the combination of MEF feeder cells and

Matrigel can induce the human CLiPs to cholangiocytes and form some 3D bile duct structure, which had positive expressions of
biliary genes and concentration of Rhodamine123 in BIM medium with HGF.

 3.The BIM+HGF had higher efficiency for the formation of the bile duct from hCLiPs compared with the other conditions.
 4.The integrated bile-hepatocyte tissue expressed the bile acid transporter proteins and accumulated CLF into biliary lumen from

the culture medium via hepatocytes canaliculi.
4. Summary:
we formed the functional bile duct from hCLiPs induced from hMHs by molecules combination with FBS. These hCLiPs expressed typical
HPCs markers EpCAM, KRT-19, SOX-9, CD133 and gradually downregulated hMHs markers ALB, CYP7A1, and HNF4A during induction. These
purified hCLiPs were then used to induce the generation of a 3D bile duct-like structure with lumens in a 3D culture environment
with MEF. The bile duct expressed typical biliary epithelial cell markers CK-7, GGT1, CFTR and EpCAM and it had the ability to
transport the bile-like substance rhodamine 123 into the lumen of the bile duct. Subsequently, bile ducts were co-cultured with hMHs
for two days and bile salt analogues,CLF, were transported into bile duct and aggregate within the lumen from culture medium through
the hMHs. The integrated tissue expressed the bile bile canaliculi marker and transporter protein.
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１．研究概要（2）
1.Tanimizu N, Nakamura Y, Ichinohe N, et al. Hepatic biliary epithelial cells acquire epithelial integrity but lose plasticity to
differentiate into hepatocytes in vitro during development. J Cell Sci. 2013;126:5239-46. doi:10.1242/jcs.133082

 2.O'Hara SP, Tabibian JH, Splinter PL, et al. The dynamic biliary epithelia: molecules, pathways, and disease. J Hepatol.
2013;58:575-82. doi:10.1016/j.jhep.2012.10.011

 3.Alpini G, McGill JM, LaRusso NF. The pathobiology of biliary epithelia. Hepatology. 2002;35:1256-68.
doi:https://doi.org/10.1053/jhep.2002.33541

 4.Cao W, Chen K, Bolkestein M, et al. Dynamics of Proliferative and Quiescent Stem Cells in Liver Homeostasis and Injury.
Gastroenterology. 2017;153:1133-47. doi:10.1053/j.gastro.2017.07.006

 5.Strazzabosco M, Fabris L, Spirli C. Pathophysiology of cholangiopathies. J Clin Gastroenterol. 2005;39:S90-S102.
doi:10.1097/01.mcg.0000155549.29643.ad

 6.Lazaridis KN, LaRusso NF. The Cholangiopathies. Mayo Clin Proc. 2015;90:791-800. doi:10.1016/j.mayocp.2015.03.017
 7.Buisson EM, Jeong J, Kim HJ, et al. Regenerative Medicine of the Bile Duct: Beyond the Myth. Int J Stem Cells. 2019;12:183-94.

doi:10.15283/ijsc18055
 8.Huang Y, Sakai Y, Hara T, et al. Bioengineering of a CLiP-derived tubular biliary-duct-like structure for bile transport in vitro.

Biotechnol Bioeng. 2021;118:2572-84. doi:10.1002/bit.27773
 9.Yan J, Tai Y, Zhou H. Culture of Mouse Liver Ductal Organoids. Methods Mol Biol. 2022;2455:117-29. doi:10.1007/978-1-0716-

2128-8_11
 10.Wang Z, Faria J, van der Laan LJW, et al. Human Cholangiocytes Form a Polarized and Functional Bile Duct on Hollow Fiber

Membranes. Front Bioeng Biotechnol. 2022;10:868857. doi:10.3389/fbioe.2022.868857

1.The intrahepatic bile ducts (BDs) play an important role in the modification and transport of bile, and the integration between
the BD and hepatocytes is the basis of the liver function. However, the lack of a source of cholangiocytes limits in vitro research.
The aim of the present study was to establish three-dimensional BDs combined with human mature hepatocytes (hMHs) in vitro
using chemically induced human liver progenitor cells (hCLiPs) derived from hMHs. In this study, we formed functional BDs from
hCLiPs using hepatocyte growth factor and extracellular matrix. BDs expressed the typical biliary markers CK-7, GGT1, CFTR
and EpCAM and were able to transport the bile-like substance rhodamine 123 into the lumen. The established three-dimensional
BDs were cocultured with hMHs. These cells were able to bind to the BDs, and the bile acid analog CLF was transported from
the culture medium through the hMHs and accumulated in the lumen of the BDs. The BDs generated from the hCLiPs showed a
BD function and a physiological system (e.g., the transport of bile within the liver) when they were connected to the hMHs. We
present a novel in vitro three-dimensional BD combined with hMHs for study, drug screening and the therapeutic modulation of
the cholangiocyte function.

2.Biliary tubular-hepatocyte system accumulates polystyrene microplastic (PS-MP)-induced hepatotoxicity and mitigate through
bile extraction.
Background: Microplastic particles are ubiquitous in daily life and can bioaccumulate in the liver via the hepatic-intestinal axis
through dietary sources. The presence of microplastics has been associated with liver abnormalities, particularly in lipid
metabolism, and has been documented in nonalcoholic steatohepatitis (NASH). Animal studies have demonstrated that
bioaccumulation of microplastics can also lead to abnormalities in lipid and bile metabolism in the liver. However, there is
currently no available data on the accumulation and metabolic pathways of microplastics in the liver. The in vitro model is an
effective tool for investigating liver diseases and metabolism. To address this gap, we propose to study the metabolism of
polystyrene microplastics (PS-MP) in the liver using an in vitro tissue model of bile duct-hepatocytes.
Method:

 1.Establish an in vitro biliary tubular-hepatocyte tissue with the biliary and hepatic functions. (Confirm the characteristic of the
tissue by proteins (IF and IHC), gene expressions (Rt-qPCR) and function assay (Rhodamine 123 and CLF))

 2.Expose the hepatic tissue with the PS-MP for 1 hours, 24 hours and 48 hours. In order to confirm the hepatotoxicity of the
exposing to the PS-MP, the markers of the liver metabolism would be detected, as well as the hepatotoxicity markers.

 3.The bile efflux would affect the extraction of the PS-MP in the liver, the bile acid and cholesterol transporters inhibition and
stimulation experiments would be carried out.
Results:

 1.The biliary tubular-hepatocyte tissue from the rat CLiPs was successful, which have the functions of the bile transportation
and the hepatocyte.

 2.The human hepatic organoid from human CLiPs was established at the same time and the hepatic organoid contain the biliary
tubular structure and the mature hepatocytes. The hepatic organoid also up-take the PS-MP and it seems to be transported into
the bile duct. The YAC-HO absorbing the PS-MP cause the hepatotoxicity.

 3.UDCA facilitates the excretion of the PS-MP excretion into bile ducts and attenuates hepatotoxicity.

研究者番号： G4411
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Feasibility of Organ Transportation by a Drone: An Experimental Study
Using a Rat Model
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Japan; cAll Nippon Airways Company Limited (ANA) Holdings Inc., Tokyo, Japan; and dDepartment of General Medicine, Nagasaki Uni-
versity Graduate School of Biomedical Sciences, Nagasaki, Japan
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Transplantat
ABSTRACT
Background. Recently, the successful delivery of organs for transplantation using drones was
reported. We investigated the influence of transportation by drones on the quality of liver grafts
using a rat model.

Methods. Livers of 12 rats (8 and 32 weeks old) were divided into 2 groups of six. Livers were
split into 2 parts and allocated to the drone or control groups (both n = 12). The drone experiment
was conducted between islands in Nagasaki Prefecture, Japan. The distance between the islands
was 12 km. Livers of the drone group were transported by a multicopter at a speed of 30 km-
40 km/h over 60 m above sea level. Transported liver quality was analyzed by histology, and bio-
chemistry data were compared between groups.

Results. Cold ischemia time did not differ between groups (902 min and 909 min, respec-
tively). There were no differences in macroscopic findings regarding coloration and damage
between groups. Aspartate aminotransferase (AST), alanine aminotransferase (ALT), and alka-
line phosphatase (ALP) in preservation fluid were graft weight-corrected and compared, and no
significant differences were found between groups: AST/g (4.61 vs 4.81 IU/L), ALT/g (2.78 vs
2.92 IU/L), and ALP/g (39.1 vs 37.0 IU/L). Immunochemical staining showed no significant dif-
ference between groups for terminal deoxynucleotidyl transferase dUTP nick and labeling stain-
ing (141 vs 113 cells), CD163 (818 vs 870 cells), and TNF-a (1.25 vs 1.41 scores).

Conclusions. The simulation experiment of organ transport for transplantation by drones was
successfully conducted. There were no differences in the quality of livers transported by drones
or other means. Further studies including large-animal experiments could lead to future clinical
applications.
*Address correspondence to Akihiko Soyama, MD, PhD, Naga-
saki University Graduate School of Biomedical Sciences, 171,
Sakamoto, 852-8501, Nagasaki, Japan. E-mail:
soyama@nagasaki-u.ac.jp
IN transplantation medicine, the graft ischemic time has a sig-
nificant effect on outcomes [1−3]. Therefore, it is very

important to plan for more appropriate logistics of organ trans-
portation. In Japan, current organ transportation often involves
chartered aircraft or helicopters for heart transplants, whereas
other organs are often transported using public transport. Thus,
the organ transportation system is based on a complex network
comprising public transport, private transport, and medical
workers in transplantation medicine [4].
vier Inc. All rights reserved.
enue, New York, NY 10169

ion Proceedings, 55, 2227−2231 (2023)
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If public transport is used, time adjustments are necessary
because of the use of scheduled flights. In addition, there is a risk
that traffic congestion will affect transportation. Therefore, the tim-
ing of organ transplants is often dependent on public transport.
0041-1345/20
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The accumulation of time resulting from this complex network can
make transplantation impossible [5]. In recent years, pilot clinical
studies of organ delivery by unmanned aerial systems were
reported to solve these problems [6,7]. Unmanned aerial systems
enable faster organ transplantation through smoother connections
to aircraft and time saving by avoiding traffic jams [8,9]. They
also improve access to transplantation in various situations, such
as when major roads are closed to traffic due to accidents or disas-
ters. The availability of unmanned aerial systems may also have
the advantage of reducing the risk of accidents associated with the
transport of organs for transplantation by transplant physicians and
transplant-related staff.

There have been no reports of organ transportation by drones
in Japan. In this study, we conducted an experiment to test the
feasibility of transplant organ transportation by drones in Japan,
using an animal model in cooperation with local governments
and companies.
MATERIAL AND METHODS
Animal Model

Livers were obtained from model rats at the Nagasaki University Animal
Research Facility (approval number: 211202-1). Twelve male Wister rats
(six 8-week-old and 6 32-week-old rats) were set up as models. Whole liv-
ers from model rats were obtained and University of Wisconsin (UW) solu-
tion was administered in 40 mL-50 mL flushes through the portal vein to
perfuse the liver. The livers were split into 2 parts, weighed, grouped into
drone and control groups, and then packed in accordance with the protocol
of the Japanese Society for Transplantation (1st layer: 100 mL of UW solu-
tion, 2nd layer: 100 mL of saline solution, 3rd layer: no solution). Packed
livers were stored in a cold container with ice. The above operations were
performed on 12 rats per group. The rats were transported to the drone
experiment site by a high-speed jetfoil and car.
Drone Transport Experiment

The experiment was conducted between Fukue Island and Hisaka Island,
Goto City. The drone used was a multicopter type with a payload capacity
of 5 kg and a maximum flight speed of 10 m/s (Fig 1). The livers in the
drone group were transported by drone over a distance of approximately
12 km, whereas those in the control group were transported by high-speed
Fig 1. The six-winged multicopter drone used in this study.
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vessel and car. Management and decision-making related to drones, such
as drone operation and route determination, were carried out by a team of
drone specialists. The criteria for the drone used in this study to be deemed
flight-worthy was set at a maximum wind speed of 10 m/sec, and it flew
along a predetermined route using autonomous navigation. The drone’s
position was constantly monitored using a Global Positioning System, and
it was programmed to switch to manual control in case of any abnormali-
ties. The transportation time and temperature inside the containers during
transportation were recorded. After the transportation experiment between
the islands was completed, specimens were transported to the Nagasaki
University Experimental Facility by high-speed vessel and car, and the
specimens were processed.
Biochemical Examination in Preservation Solution

The UW solution (packing layer 1) was collected after transport, stored
at �30°C, and measured for aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and alkaline phosphatase (ALP) enzyme activ-
ities, which were evaluated as values per liver weight.
Histopathological Analyses

Liver tissues were processed for optical microscopy. For this, speci-
mens were fixed in 4% formaldehyde for 48 hr-72 hr, encased in paraf-
fin, and 5 mm-thick sections were prepared. Hematoxylin-eosin (HE)
staining and immunohistochemical (IHC) staining were performed.
Immunohistochemical staining was performed with Dako Target
Retrieval Solution, Tris/EDTA solution (pH = 9.0), Dako REAL Perox-
idase-Blocking Solution (Cat. No. S2023, Agilent Technologies, Santa
Clara, CA), Protein Block Serum-Free Ready-to-use (Cat. No. X0909),
Dako REAL Antibody Diluent (Cat. No. S2022), and Dako REAL
EnVision/HRP secondary antibodies, Rabbit/Mouse (Cat. No. K5007).
These procedures were performed in accordance with the protocol pro-
vided by Dako. After visualization with diaminobenzidine, the sections
were counterstained with hematoxylin. The stained specimens were
observed using an Olympus BX53 microscope (Olympus, Tokyo,
Japan). The primary antibodies used were as follows: rabbit anti-
CD163 antibody (Cat. ab182422, Abcam Inc., Cambridge, MA; 1:500)
and anti-TNF-a antibody (Cat. ab220210, Abcam Inc.; 1/500).

Terminal deoxynucleotidyl transferase dUTP nick and labeling staining. Ter-
minal deoxynucleotidyl transferase dUTP nick and labeling (TUNEL)
staining was performed using a TUNEL Assay kit (Cat. ab206386, Abcam
Inc., Cambridge, MA) in accordance with the manufacturer’s instructions.

Histopathological and TUNEL staining evaluation. Hematoxylin-eosin
staining staining was evaluated on the basis of the number of cases with
findings of necrosis caused by external damage, balloon-like hepato-
cytes, and edema.

CD163 and TUNEL staining were evaluated quantitatively by count-
ing the number of positive cells in 5 randomly selected fields of view
(£ 200). TNF-a was evaluated semiquantitatively by scoring on a 4-
point scale (0-3) as follows: 0: no expression, 1: mild overexpression,
<25% of hepatocytes, 2: moderate overexpression, 25%-50% of hepa-
tocytes, and 3: high overexpression, >50% of hepatocytes.
Statistical Analysis

The data for continuous variables were expressed as means with stan-
dard deviation. Data of biochemical, histopathological, and TUNEL
staining data were analyzed by two-tailed t test using JMP Pro (SAS
Institute Inc., Cary, NC). A P value <.05 was considered statistically
significant.
-



Table 1. Liver Weight and Cold Ischemia Time in Each Group

Drone Control

Age in weeks Young Old Young Old P value

Number of samples 6 6 6 6 -
Liver weight(g) 4.3§0.2 6.9§0.5 9.3§0.4 14.8§2.3 <.01
CIT(min) 895§32 909§26 903§34 915§29 .57

Table 2. Biochemical Analysis

Drone Control P value

AST/g 4.6§3.0 4.8§1.5 .81
ALT/g 2.8§2.3 2.9§1.0 .85
LDH/g 39.1§31.1 37.0§7.6 .82
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RESULTS
Liver Weight and Cold Ischemic Time

The drone and control groups each consisted of 6 young rat liv-
ers and 6 old rat livers. The lighter weight split livers were
assigned to the drone group. The mean liver weight was 4.3 §
0.17 g for young rats and 6.9 § 0.45 g for old rats in the drone
group, and 9.3 § 0.4 g for young rats and 14.8 § 2.3 g for old
rats in the control group. The mean cold ischemic time was 894
§ 32 min for young rat livers and 909 § 26 min for old rat liv-
ers in the drone group, and 903 § 34 min for young rat livers
and 915 § 29 min for old rat livers in the control group
(Table 1). There was no significant difference in cold ischemia
time between the drone and control groups (P = .57).
Temperature inside the container during transport. The out-

side temperature during the experiment was 12°C-16°C. The
temperature inside the container in the drone group was main-
tained at 0°C-5°C and did not vary depending on the method of
transportation (Fig 2).
Biochemical examination of preserved solution samples. TaggedAPTAR-

APThe values of AST, ALT, and ALP (per liver weight) in the
stored solution of the drone and control groups were AST/g:
4.61 § 3.06 vs 4.84 § 1.52 (P = .81), ALT/g: 2.78 § 2.32 vs
2.92 § 1.04 (P = .85), and LDH/g: 39.1 § 31. 1 vs 37.0 § 7.6
(P = .82), respectively (Table 2). There were no significant dif-
ferences in the AST/g, ALT/g, and ALP/g in the preserved solu-
tion between the 2 groups.
Macroscopic findings. Macroscopic findings of the livers

after transportation are shown in Fig 3. There were no differen-
ces in the macroscopic findings of livers from both groups
based on necrosis, color change, or external damage.
Fig 2. Temperature inside the container. The temperature inside
the containers remained constant regardless of the transfer
method.
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HE staining. The results of HE staining are shown in Fig 4.
There were no findings of necrosis caused by external damage,
ballooning hepatocytes, or edema in any of the livers, and no
findings suggestive of effects from drone transportation.
TUNEL staining and immunochemical staining. The results

of TUNEL staining and immunochemical staining are shown in
Fig 5. TUNEL staining showed that the mean quantitative values
of the drone and control groups were 141 § 274 vs 113 § 211
cells (P = .78), and there was no significant difference between the
2 groups in the assessment of apoptosis. There were no significant
differences in the number of Kupffer cells (818 § 92 vs 870 § 77
cells; P = .14) or inflammatory markers (CD163 and TNF-a)
(1.25§ 0.45 vs 1.41§ 0.51 scores; P = .4).
DISCUSSION

An organ transportation experiment was conducted using a drone
to transport rat livers. Temperatures were maintained at a constant
level during transport, and no adverse effects of drone transporta-
tion were observed regarding the physiological or pathologic eval-
uation of the specimens. There was no significant effect on livers,
confirming the safety of organ transportation by drones.
Regarding the current organ transportation system, there are

various time issues associated with the use of public transport.
Fig 3. Macroscopic analysis of livers. There were no obvious
findings of necrosis, color change, or external damage.

-



Fig 4. Hematoxylin-eosin (HE) staining. There were no cases of
necrosis caused by external influences, balloon-like hepatocytes,
or edema. Scale bar, 200 mm.
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For example, staff transporting organs may have to wait
because of traffic congestion or lose time because of limited
numbers of flights. If drones can be used as a means of organ
transportation, they can avoid traffic congestion and connec-
tions to scheduled flights in the shortest possible time by taking
over the responsibility of transporting the organs from the hos-
pital to the airport. As a result, the cold ischemia time could be
shortened. In addition, if future improvements in drone perfor-
mance enable long-distance, stable flights and direct inter-hos-
pital transport, organ transport will be possible without relying
on aircraft time, and further cold ischemia time reduction can
be expected.
Fig 5. Terminal deoxynucleotidyl transferase dUTP nick and
labeling (TUNEL) staining and immunochemical analyses.
TUNEL staining and immunochemical staining in young rat livers
are shown. No significant differences in staining were found
between the drone and control groups. Scale bars, 100 mm.
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Transplant medicine is considered a high-risk procedure in
medicine. In 2007, 6 members of the University of Michigan
organ transplantation team died during lung transportation [10].
In Japan in 2020, an organ removal team from the University of
Tokyo crash-landed while transporting a heart by helicopter,
resulting in serious injuries [11]. Thus, the current organ trans-
portation system puts transplantation teams at risk of being
involved in accidents. We think that unmanned drones can per-
form part of this transportation, thereby reducing the risk of
accidents to the transplantation team.
In December 2022, the Japanese Civil Aeronautics Law was

revised to allow unobserved flights in manned areas if certain
conditions are met [12]. This may lead to increased opportuni-
ties for drones to be used in the future for the transportation of
pharmaceuticals and medical materials, in addition to the deliv-
ery of food and other goods. This study provides basic data for
considering the feasibility of organ transportation using drones
in future transplantation medicine.
Regarding the temperature management of organs during

transportation, currently drones do not have temperature control
capabilities. Therefore, in this study, we placed a temperature
logger inside the container storing the organs and checked the
temperature with the logger after landing. Currently, even with
conventional means of organ transportation, continuous temper-
ature monitoring is not being conducted. Therefore, if continu-
ous temperature monitoring becomes necessary for organ
transportation by drones in the future, the development of a
temperature management system would also be required.
The drone used in this study had a maximum payload capacity

of 5 kg and was tested using livers from rats. A drone that can
withstand a weight of about 10 kg is needed to transport grafted
human livers in actual clinical practice. In addition, this experiment
involved air transport by a drone over a distance of approximately
12 km. The longest distance achieved in recent drone-based organ
transport experiments is approximately 14 km [6,7,13,14]. The
safety of long-distance transportation using drones is still not fully
understood. In terms of drone logistics, initially focusing on short-
distance usage is desirable. Specifically, using drones for transpor-
tation between hospitals in urban areas or between hospitals and
airports is a viable approach. This allows for the avoidance of risks
associated with traffic congestion, disasters, and issues on roads,
while enabling smooth connections to limited scheduled flights or
charter aircraft. With the future improvement of drone perfor-
mance and establishment of further safety measures in drone trans-
port, it is anticipated that direct transportation between distant
hospitals will become possible. This opens up opportunities for
additional research in this field.

In conclusion, this study showed the feasibility of rat organ
transport by a drone. Further simulation of organ delivery using
larger organs may lead to the clinical use of drones in the future.
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Abstract

Background
Daikenchuto (DKT) has positive therapeutic effects on improving various gastrointestinal
disorders. The present study investigated whether or not DKT has a potential therapeutic
effect on chemotherapy-induced acute small intestinal mucositis (CIM) in a rat model.

Methods
Intraperitoneal injection of 10 mg/kg methotrexate (MTX) every 3 days for a total of 3 doses
was used for induction of CIM in a rat model. The MTX and DKT-MTX groups were injected
with MTX as above from the first day, and the DKT-MTX and DKT groups were administered
2.7% DKT via the diet at the same time. The rats were euthanized on day 15.

Results
The DKT-MTX group showed an improvement in the body weight and conditions of gastroin-
testinal disorders as well as increased levels of diamine oxidase in plasma and in the small
intestinal villi. The pathology results showed that small intestinal mucosal injury in the DKT-
MTX group was less severe than that in the MTX group. Immunohistochemistry for myelo-
peroxidase and malondialdehyde and quantitative real-time polymerase chain reaction (RT-
qPCR) for TGF-β1 and HIF-1α showed that DKT attenuated peroxidative damage. The
crypts in the DKT-MTX group contained more Ki-67-positive cells than MTX group. The
zonula occluden-1 and claudin-3 results showed that DKT promoted repair of the mucosal
barrier. RT-qPCR for the amino acid transporters EAAT3 and BO+AT also confirmed that
DKT promoted mucosal repair and thus promoted nutrient absorption.
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Conclusion
DKT protected against MTX-induced CIM in a rat model by reducing inflammation, stimulat-
ing cell proliferation, and stabilizing the mucosal barrier.

Introduction
Intestinal mucositis (IM) is a common and debilitating side effect of chemotherapy that mani-
fests due to the inability of chemotherapy drugs to differentiate between normal and tumor
cells, with the intestinal epithelial cells rapidly proliferating cells and often becoming the target
of attack during chemotherapy treatments [1]. Chemotherapy-induced IM (CIM) occurs in as
many as 25%-75% of cancer patients receiving different chemotherapy, leading to diarrhea, a
decreased quality of life, treatment intolerance resulting in discontinuation, and even death
[2]. Due to the complex and diverse clinical symptoms of CIM and the importance of the
reducing this toxic complication of chemotherapy, developing new ways to alleviate or prevent
CIM is important.

Methotrexate (MTX), a structural analogue of folic acid, is one of the most widely used
therapeutic agents for the treatment of the tumors, malignant hematological disorders, and
autoimmune diseases [3]. MTX causes inhibition of growth and repair activities of epithelium
and mucosa where the dividing and proliferating activities are increased, inducing CIM,
which is the main reason for limiting further use of this drug or prompting its use [4].

Daikenchuto (DKT) is a traditional Japanese medicine (Kampo) originally described in a
Chinese classic article and independently developed in Japan. It is a mixture of extract powders
from dried Japanese pepper, processed ginger, ginseng radix, and malt sugar powder and is
reported to have the effects of improving gastrointestinal motility, activating anti-inflamma-
tory, increasing intestinal blood flow, and altering the intestinal microbiome [5,6]. The main
mechanism underlying the DKT-mediated contraction and improvement of gastrointestinal
motility is modulation of intestinal contraction and relaxation via the release of acetylcholine,
nitric oxide, releasing of acetylcholine from cholinergic nerves stimulated by 5-HT3R and
5-HT4R and other excitatory neurotransmitters [7,8]. The anti-inflammatory effect of DKT
are attributed to the fact that DKT manages the downregulation of cyclooxygenase 2 (COX-2),
the upregulation of endogenous adrenomedullin (ADM), and the suppression of eosinophil
infiltration [9]. The regulation of intestinal blood flow by DKT is achieved by stimulating epi-
thelial transient receptor potential ankyrin 1 (TRPA1) to induce endogenous ADM release
[10]. Recent studies have suggested that DKT can alter the gut microbiota, thereby improving
long-lasting dysbiosis and gastrointestinal dysfunction after bowel or liver surgery [11].

In addition to these effects, Wada et al. also demonstrated that DKT enhanced anastomotic
healing via an anti-inflammatory effect and increased blood flow after intestinal surgery in rats
[12]. DKT has been widely used clinically in patients with gastrointestinal symptoms, such as
postoperative intestinal obstruction, inflammatory bowel disease, abdominal pain, and pain
accompanied by abdominal flatulence [13–15]. DKT improves gastrointestinal motility disor-
ders and reduces serum C-reactive protein levels in patients with grade B liver injury after hep-
atectomy and is an effective treatment after hepatectomy for hepatocellular carcinoma [16]. A
previous report showed that DKT can suppress the adverse effects associated with irinotecan
hydrochloride, an anticancer agent with debilitating side effect of severe diarrhea, and improve
the function of tight junction proteins, including zonula occluden-1 (ZO-1), occludin and
claudin-4 [17].
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The lack of relevant medication for CIM is usually only alleviated by reducing the dose of
chemotherapy drugs or stopping chemotherapy, and there is a lack of relevant drugs for com-
plementary or supplementary treatment. Based on existing experiments and recent studies on
DKT, we hypothesized that DKT could improve CIM through the above mechanisms. There-
fore, the present study investigated whether or not DKT could improve CIM and promote
recovery from CIM.

Methods
Animal
Male Sprague-Dawley rats (6 weeks, 160–190 g; CLEA Japan Inc., Tokyo, Japan) were used in
this study. They were bred and housed at the rat facility in standard rat cages exposing to 12-h
light-dark cycles and allowed ad libitum access to water and rat chow.

All animal experiments were conducted according to protocols approved by the institu-
tional animal care committee of Nagasaki University and all methods were performed in
accordance with the relevant guidelines and regulations of Nagasaki University. The study was
reported in accordance with ARRIVE guidelines.

Experimental protocol
All animals were divided randomly into 4 groups: the control group (Col, n = 5), MTX-
induced model group (MTX, n = 5), DKT treatment group (DKT-MTX, n = 5), and DKT-
only group (DKT, n = 5). In the MTX and DKT-MTX groups, MTX was administered (10
mg/kg every 3 days, 3 times total) with intraperitoneal injection. In the MTX-DKT and
DKT groups, DKT at 2.7% of the total mass (Tsumura & Co., Tokyo, Japan) mixed in the
feed (CE-2 feed; CLEA Japan Inc.) was administered orally from the beginning of the
administration of MTX, while the other two groups received non-DKT CE-2 feed. In the
control group, the rats were intraperitoneally injected with the same volume of normal
saline at the same time.

All rats had their body weight measured every three days. All surviving rats were euthanized
by cutting the vena cava to induce exsanguination after abdominal collection of all of the small
intestinal tissues under deep isoflurane (Wako Pure Chemical, Osaka, Japan) respiratory anes-
thesia (All-in-one Anesthetizer, Muromachi Kikai CO. LTD, Japan).

Intestinal histology
The rats were sacrificed under anesthesia at day 15, and the small intestinal tissues were col-
lected immediately. The rat small intestinal tissue was fixed with 4% paraformaldehyde phos-
phate-buffered solution (PBS; Wako Pure Chemical, Osaka, Japan) for 3 days. Fixed tissues
were embedded in paraffin, cut into 5-µm sections, and deparaffinized for standard histologi-
cal staining with hematoxylin and eosin (HE). HE sections were evaluated blindly for intestinal
inflammation, which comprised crypt length, architecture and abscesses, loss of goblet cells,
tissue damage, and infiltration of leukocytes and neutrophils.

For immunohistochemistry staining, tissue sections of the small intestines were stained for
claudin-3, ZO-1, neutrophil myeloperoxidase (MPO), malondialdehyde (MDA), Ki-67 and
diamine oxidase (DAO) (The antibody information were attached to S1 Table). The percent-
age of total area of the small intestinal sections was measured using image J Software analysis
at least 10 positions.
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Quantitative real-time polymerase chain reaction (qRT-PCR)
Tissue samples were acquired at defined time point for mRNA extraction using spin columns
according to the manufacturer’s instructions (NucleoSpin RNA II; Macherey-Nagel, Duren,
Germany). cDNA was synthesized from total RNA using a high-capacity cDNA reverse tran-
scription kit (Applied Biosystems, Tokyo, Japan). In brief, PCR amplification was performed
followed by Applied Biosystems (Taq-man was attached to S2 Table). The gene expression was
normalized to that of GAPDH (control intestinal tissue was set as 1.0), and the mRNA expres-
sion was determined using the comparative cycle time (ΔΔCt) method.

Determination of plasma DAO activity by an enzyme-linked
immunosorbent assay (ELISA)
Plasma of rats was separated in a refrigerated centrifuge and stored at −20˚C before determina-
tion of the DAO activity using the rat diamine oxidase ELISA Kit (FineTest; ER0895, Wuhan,
China) according to the manufacturer’s instructions. The DAO activity was calculated accord-
ing to a standard curve and presented in units/L.

Statistical analyses
At least five rats were used for all experimental groups. The Data of RT-qPCR are represented
as mean ± standard error of the mean from three biological replicates for each sample, while
the mRNA sample would be collected at least three samples. The percentage contribution of
positivity of IHC was calculated for at least 10 positions by image J Software (ImageJ 1.53k,
NIH, USA). The data were expressed as the mean ± standard error of the mean (S.E.M). Statis-
tical analyses were carried out with the GraphPad Prism software program (GraphPad Soft-
ware, Inc., California, USA) using a one-way analysis of variance (ANOVA), t-test, or an
analysis of variance with repeated measures when appropriate. The survival rate of the rats was
shown with Log-rank (Mantel-Cox) test. Asterisks (*) indicate significant differences (*
P< 0.05, ** P< 0.01, by t-test or one-way ANOVA).

Results
DKT can enhance the body weight recovery and ameliorate the symptoms
of IM induced by MTX
MTX was used for induction of CIM, and the optimum dose and frequency (10 mg/kg every 3
days, 3 times total) of MTX to induce CIM was determined. The DKT treatment experiment
was performed according to the diagram (Fig 1A). According to the lectures and the recom-
mend dose for patients, 2.7% of the total mass mixed in the feed was administered orally from
the beginning of the administration of MTX [18]. The body weight of the rats in the MTX and
DKT-MTX groups decreased over time, compared with control group, but after day 12, the
body weight of the rats in the DKT-MTX group significantly increased (Fig 1B). The changes
in food intake were similar to those of the body weight, with rats in both the DKT-MTX and
MTX groups showing reductions after the administration of MTX, compared to the control
group, although values gradually increased in DKT-MTX group after day 12 (Fig 1C). There
was also no significant difference in the survival rate between the MTX group and the
DKT-MTX group on day 15 (Fig 1D).

The MTX group had severe diarrhea by day 15, while the rats in the DKT-MTX group had
only slightly soft stool. When the small intestine was observed after euthanasia and opening, the
small intestine in the MTX group was observed to be relatively pale in appearance (Fig 1E).
Pathologic changes in the small intestine would be described in detail below.
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DKT attenuated MTX-induced inflammation and mucosal damage in the
small intestinal mucosa
Pathological and inflammation-related factors were used to evaluate the inflammation of the
small intestinal mucosa and the therapeutic effect of DKT on acute CIM. HE staining showed
that the MTX group had degeneration and vacuolization of the surface and crypt epithelium
and villus structure in the jejunum, the digestion and dissolution of epithelial structures, and
bleeding and edema in the lamina propria in the ileum. The DKT-MTX group showed the
degeneration and vacuolization of the surface and crypt epithelium and villus structure in the
jejunum and ileum. There were no marked changes in the control or DKT group (Fig 2A).

Immunohistochemical (IHC) staining for MPO and MDA showed that the DKT-MTX
group had a lower percentage contribution of positivity than the MTX group in the jejunum
and ileum, although there was no significant difference in the MDA in the jejunum (Fig 2B–
2D). RT-qPCR showed that the expression of inflammation-related mRNA of TGF-β1 was up-
regulated in the small intestine of the MTX group, compared with the DKT-MTX and control
groups; however, there were no significant changes in the HIF-1α levels in any groups after
DKT treatment (Fig 2E).

Fig 1. DKT enhanced the body weight recovery and ameliorated the symptoms of IM induced by MTX. (A) The
experiment was performed according to the diagram. (B) The body weight of the rats was shown. Data are represented
as mean ± standard error of the mean. One-way ANOWA test, followed by Tukey’s multiple comparison test for
day15, ns>0.05, **p< 0.001. (C) The food intake of the rats was shown. Data are represented as mean only, Student-t
test for day 15 data, DKT-MTX Vs MTX, p = 0.209. (D) The survival rate of the rats in all groups was shown. Log-rank
(Mantel-Cox) test, p value = 0.5890. (E) The rats in the DKT-MTX group had no obvious diarrhea, and the intestinal
walls of the rats in the MTX group were thinned.

https://doi.org/10.1371/journal.pone.0283626.g001
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Fig 2. DKT attenuated MTX-induced inflammation and mucosal damage in the small intestinal mucosa. (A) HE
staining showed the structural changes in all groups. Scale bar = 100 µm. (B, C, D) The immunohistochemistry results
showed a lower percentage contribution of positivity for (D) MDA (B) and MPO (C) in the jejunum and ileum of the
DKT-MTX group than in those of the MTX group. For each criterion, the percentage contribution of positivity was
calculated for at least 10 positions. Scale bar = 50 µm. Data are represented as mean ± standard error of the mean. One-
way ANOWA test, ns>0.05, *p< 0.05. (E) RT-qPCR showed the expression of inflammation-related mRNA of TGF-
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DKT enhanced small intestinal crypt cell proliferation after administration
of MTX
MTX induced small intestinal mucosal epithelial injury by inhibiting the proliferation of small
intestinal mucosal crypt cells, which resulted in the suspension of small intestinal mucosal
renewal. IHC staining for Ki-67 of the small intestinal tissue was used to evaluate the cell pro-
liferation in the crypts and epithelia of the small intestinal mucosa, which could reflect the
repair of the mucosa [19]. After treatment with DKT in the CIM models, the small intestinal
mucosal crypts in the DKT-MTX group contained more Ki-67-positive cells than the MTX
group (Fig 3A). Positive area counting using the image J software program (NIH, Wisconsin,
USA) showed that the DKT-MTX group had a higher percentage contribution of Ki-67 posi-
tivity than the MTX group in crypts (Fig 3B). Normal villous crypt ratio (V/C) is 3 to 5:1 [20].
After the rats in the DKT-MTX group were administered with DKT, the small intestinal V/C
ratio in the DKT-MTX group was significantly higher than that in the MTX group, which was
close to 3 (Fig 3C).

DKT promoted the repair of the mucosal barrier and nutrient absorption
functions
DAO can reflect the degree the mucositis induced by MTX. In DKT treatment experiments,
the DAO level was decreased in both the MTX and DKT-MTX groups, compared with the
control group but gradually recovered after 12 days in the DKT-MTX group (Fig 4A). IHC
staining also showed the positions and relative level of DAO in the jejunum and ileum, with
statistically significant differences being noted in the jejunum and ileum between the
DKT-MTX and MTX groups (Fig 4B and 4C).

β1 and HIF-1α in the four groups. Values were determined relative to GAPDH and presented as fold-change relative
to the control group. Data are represented as mean ± standard error of the mean from three biological replicates. One-
way ANOVA test, ns >0.05, *p<0.05.

https://doi.org/10.1371/journal.pone.0283626.g002

Fig 3. DKT enhanced the small intestinal crypt cell proliferation after the administration of MTX. (A) Immunohistochemical
results showed that the small intestinal mucosal crypts in the DKT-MTX group contained more Ki-67-positive cells than the MTX
group. (B) The DKT-MTX group had a higher percentage contribution of Ki-67 positivity than the MTX group. Scale bar = 50 µm.
For each criterion, the percentage contribution of Ki-67 positivity was calculated for at least 10 positions using image J software. (C)
The high ratio of villus to crypt was measured by image J software. Data are represented as mean ± standard error of the mean.
One-way ANOVA test, ns>0.05, *p<0.05.

https://doi.org/10.1371/journal.pone.0283626.g003
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To investigate the effect of DKT on the repair of the mucosal barrier function in MTX-
induced IM, we examined the ZO-1 protein level in the intestinal tissue by immunofluores-
cence staining. ZO-1 was predominantly localized along the apical membrane of the intestinal
villi in the control, DKT-MTX, and DKT groups. In contrast, a reduction in ZO-1 immunos-
taining was observed along the apical membrane of the intestinal villi, especially along the
ileum, in the MTX group (Fig 4D). Additionally, the tight junction related factor associated to
the intestinal permeability, cladin-3, was also investigated. The MTX-treated rats in the MTX
group had decreased claudin-3 protein density in the intestinal mucosa, especially in the
ileum. The DKT-MTX group had higher claudin-3 protein density in the intestinal mucosa of
the rats compared with the MTX group (Fig 4E).

To investigate the effect of DKT on the repair of nutrient absorption function in MTX-
induced IM, we examined the expression of genes related to the amino acid transport-related
proteins excitatory amino acid transporter 3 (EAAT3) and broad neutral amino acid trans-
porter (B0+AT) in the small intestinal mucosa. The relative gene expression of EAAT3 and B0
+AT in the DKT-MTX group was significantly higher than that in the MTX group, especially
in the jejunum (Fig 4F).

Discussion
IM is a common side effect of chemotherapy, and with the increasing number of cancer diag-
noses and the prevalence of chemotherapy drug use, chemotherapy-associated mucositis has
become increasingly common. MTX, as an anti-cancer drug widely used for leukemia and
other malignancies, is a structural analogue of folic acid that can inhibit the metabolism of
folic acid by competitively inhibiting dihydrofolate reductase, thereby inhibiting the de novo
synthesis of purines and pyrimidines [21]. Over the past few decades, MTX has been success-
fully used alone or in combination with other drugs to treat various cancers and autoimmune
diseases [22]. Unfortunately, however, due to its multi-organ toxicity, especially in the gastro-
intestinal system, the therapeutic potential of MTX can be reduced, with the drug typically
having to be ceased in response to bone marrow toxicity, cardiotoxicity, nephrotoxicity, and
liver toxicity [23,24]. Damage to the gastrointestinal mucosa following MTX treatment in can-
cer patients includes villus shortening and fusion, epithelial atrophy, crypt loss, inflammatory
infiltration of the lamina propria, goblet cell depletion, and barrier dysfunction due to loss of
mucosal integrity and reduced nutrient absorption [25].

MTX-induced IM not only causes direct damage by DNA copy inhibition but also induces
inflammation and the generation of reactive oxygen species (ROS) [26]. A study has demon-
strated that MPO and MDA levels are increased after treatment with MTX, suggesting the pos-
sible participation of neutrophil infiltration and ROS in MTX-induced IM [26]. In the present
study, we found that levels of MPO, a marker of neutrophil accumulation and infiltration dur-
ing intestinal mucosa damage, were increased in the epithelial mucosa of rats with IM induced
by MTX. Kolli et al. also reported that oxidants such as MDA, which is a product of lipid per-
oxidation, were increased in MTX-induced small IM [27]. MPO is also an enzyme with peroxi-
dative damage secreted by neutrophils after neutrophil, and it also causes peroxidative damage
to tissues. According to our results, oral administration of DKT can inhibit the inflammatory
process and ROS damage, as evidenced by the fact that DKT can reduce the production of
MPO and MDA.

In addition to peroxidation-related factors, growth factors secreted from mucosa also
played a role in this process. TGF-β1 and HIF-1α were reported to protect intestinal integrity
[28,29]. The mRNA level of TGF-β1 in the DKT-MTX group was higher than that in the con-
trol group on day 15, but it was lower in the jejunum and ileum than in the MTX group. This
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Fig 4. DKT promoted the repair of the mucosal barrier and nutrient absorption functions. (A) The plasma DAO
level in the control, MTX, DKT-MTX, and DKT groups. The DAO level decreased in both the MTX and DKT-MTX
groups compared with the control group but gradually recovered after day 9 in the DKT-MTX group. Units: ng/ml;
DAO, diamine oxidase. (B) Immunohistochemical staining shows the positions and relative level of DAO in the
jejunum and ileum of the control, MTX, DKT-MTX, and DKT groups, and (C) the percentage contributions of
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method of mucosal repair was also verified in another experiment of DKT in the treatment of
intestinal injury repair in rats [12].

The changes in the level and localization of ZO-1 induced by MTX may lead to disorder of
the barrier function, which leads to increased intestinal permeability, resulting in intestinal
mucosal barrier dysfunction [30]. ZO-1, as a tight junction scaffold protein, has been shown to
render structure firmness and impermeability to the junction and functions as a link between
occludin and actin, which are the major elements in the structure of the barrier of the small
intestine [31]. However, Kuo et al. reported that the tight junction protein ZO-1 was dispens-
able for the barrier function but critical for intestinal mucosal repair [32]. Furthermore, redis-
tribution of this tight junction function along the lateral plasma membrane sustained the
epithelial barrier during cell shedding [33]. In the present study, an immunohistochemical
analysis revealed that ZO-1 was predominantly localized along the apical membrane of the
intestinal villi in the control and DKT groups. DKT has the potential to promote the expres-
sion of ZO-1 in the small intestinal mucosa epithelium to facilitate the repair of tight junctions
and improve the mucosal nutrient absorption. These results were also confirmed by the immu-
nostaining of the claudin-3.

The expression of genes related to the amino acid transport-related proteins EAAT3 and B0
+AT was up-regulated after the administration of DKT in the DKT-MTX group. A prospective
study of the effects of DKT on the blood flow in the superior mesenteric artery and portal vein
(PV) reported that DKT may modulate the SMA and PV blood flows by acting on intestinal
micro-vessels [34]. The absorption of nutrients around the ileocecal region was related to the
blood flow of the intestine and PV. A prospective open-labeled randomized exploratory study
also demonstrated that DKT can improve the perioperative nutritional status of patients with
colorectal cancer [35].

DAO is a highly active intracellular enzyme in the upper villi of the human and mammalian
small intestinal mucosa that plays a role in the metabolism of histamine and various poly-
amines [36]. Plasma DAO activity was reported to be associated with the degree of small intes-
tinal injury and had potential utility for measuring mucositis during chemotherapy [36,37]. A
previous study showed that an increase of DAO activity in the intestine of mature rats leads to
an increase in the degree of DAO activity in plasma [38]. In contrast, intestinal mucosal dam-
age caused by hypertonic sodium sulfate solution or atrophy caused by a low-fiber diet reduces
plasma DAO activity [39]. In the present study, with the occurrence of MTX-induced IM, the
DAO content in rat plasma decreased, and with the onset of gastrointestinal tract symptoms
aggravated and reduced to a lower level. In the DKT-MTX group, as DKT promoted the recov-
ery of rat mucosa, the serum content of DAO was also increased. The IHC results also con-
firmed that the rat small intestinal mucosal epithelial villi of the DKT-MTX group contained
higher DAO levels in the mature apical membrane than that in MTX group.

DKT is mainly composed of dried Japanese pepper extract, ginger extract, and ginseng
extract. Ginger can reportedly improve ileum damage caused by MTX, shortened villus fusion,
inflammatory cell infiltration, and goblet cell depletion [40]. As one of the main components

positivity are shown. Scale bar = 100 µm. For each criterion, the percentage contribution of positivity was calculated
for at least 10 positions. Data are represented as mean ± standard error of the mean. One-way ANOVA tests: ns>0.05,
*p<0.05. (D) Immunofluorescence staining with the anti-Zo-1 antibody showed the expression and positions of the
tight junction protein Zo-1. Bar = 100 µm, Zo-1, zonula occludens-1. (E) The tight junction related claudin-3 protein
associated to the intestinal permeability was investigated by IHC staining. Scale bar = 50 µm (F) RT-qPCR showed the
relative mRNA levels of BO+AT and EAAT3 in the jejunum and ileum. Values were determined relative to GAPDH
and presented as fold-change relative to the control group. Data are represented as mean ± standard error of the mean
from three biological replicates. One-way ANOVA: ns>0.05, *p<0.05. EAAT3: Excitatory amino acid transporter 3;
B0+AT: Broad neutral amino acid transporter.

https://doi.org/10.1371/journal.pone.0283626.g004
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of DKT, ginger extract has been verified to have a variety of intestinal effects, including anti-
inflammatory and antioxidative effects in ulcerative colitis [41]. The mechanism underlying
the restoration of the intestinal barrier function by ginger extract involves the increased
expression of ZO-1 and claudin-1 protein [42]. Regarding dried Japanese pepper extract
(Zanthoxylum fructus), there have been articles reporting that Zanthoxylum fructus extract
inhibits the reduction in mast cell activation by inhibiting sphingosine kinase 1, mainly reduc-
ing the release of inflammatory mediators [43]. In research on DKT, it is reported that DKT
depolarizes the pacemaker potential of Cajal interstitial cells in an internal or external Ca2

+-dependent manner by stimulating the 5-HT4 and muscarinic M3 receptors. Its main ingre-
dients are ginseng and ginger root, which help DKT regulate the activity of the intestine and
reduce the dysfunction of the small intestine [44]. Some researchers have screened cytoprotec-
tive agents against MTX-induced cell genotoxicity from among biologically active phytochem-
icals and found that agents, such as Siberian ginseng and curcumin have cytoprotective effects
[45]. Total ginsenosides was reported to promote intestinal epithelial cell proliferation, pre-
sumably via the regulation of the cell cycle and of the expression of proliferation-related pro-
teins by polyamines [46]. Specifically, DKT appears to be less effective in reducing rat
mortality due to severe mucosal necrosis but shows marked efficacy in another aspect, such as
reducing injury and promoting mucosal repair, as well as improving symptoms. Furthermore,
DKT may also have some efficacy against chronic mucositis of the small intestine, so a further
investigation regarding chronic mucositis in the clinical setting or as a daily disease will be
needed in the future, with particular focus on the therapeutic effect of DKT on chronic muco-
sitis of the small intestine.

In conclusion, DKT may be able to protect against MTX-induced acute small intestinal
mucosal injury in a rat model via anti-peroxidation, stimulating cell proliferation, and stabiliz-
ing the mucosal barrier. Although DKT comprise numerous chemically diverse compounds
with multi-target effects, it has been shown to be able to protect and treat intestinal injury,
regardless of administration as a single component or a mixture of multiple components.
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Background: The intrahepatic bile ducts (BDs) play an important role in the
modification and transport of bile, and the integration between the BD and
hepatocytes is the basis of the liver function. However, the lack of a source of
cholangiocytes limits in vitro research. The aim of the present study was to
establish three-dimensional BDs combined with human mature hepatocytes
(hMHs) in vitro using chemically induced human liver progenitor cells (hCLiPs)
derived from hMHs.

Methods: In this study, we formed functional BDs from hCLiPs using hepatocyte
growth factor and extracellular matrix. BDs expressed the typical biliary markers
CK-7, GGT1, CFTR and EpCAM and were able to transport the bile-like substance
rhodamine 123 into the lumen. The established three-dimensional BDs were
cocultured with hMHs. These cells were able to bind to the BDs, and the bile
acid analog CLF was transported from the culture medium through the hMHs and
accumulated in the lumen of the BDs. The BDs generated from the hCLiPs showed
a BD function and a physiological system (e.g., the transport of bile within the liver)
when they were connected to the hMHs.

Conclusion: We present a novel in vitro three-dimensional BD combined with
hMHs for study, drug screening and the therapeutic modulation of the
cholangiocyte function.

KEYWORDS

chemically induced progenitor cell, cholangiocyte, bile duct regeneration, bile canaliculi,
hepatic organoid

1 Introduction

The liver consists of two types of endodermal epithelial cells, hepatocytes, and biliary
epithelial cells (BECs), termed cholangiocytes, which differentiate from hepatoblasts during
development (Tanimizu et al., 2013; O’Hara et al., 2013). The BECs form bile ducts (BDs)
that connect the liver and the intestine to secrete bile, which is generated in hepatocytes, into
the intestine (Alpini et al., 2002). BECs modify and transport the bile produced by
hepatocytes so that they can protect the liver from bile-induced damage (O’Hara et al.,
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2013). The homeostasis of the connection between the BDs and the
hepatocytes is therefore crucial for maintaining a normal liver
function and preventing liver damage or disease (Cao et al.,
2017). Functional impairment of BECs and the transportation of
bile acids play an essential role in the development of various types
of biliary disorders and liver failure, which can eventually only be
treated by liver transplantation (Strazzabosco et al., 2005). However,
the physiology and pathophysiology of cholangiopathies have not
yet been fully elucidated (Strazzabosco et al., 2005; Lazaridis and
LaRusso, 2015). This is mainly due to the lack of relevant in vivo and
in vitro models for the study of biliary tract development,
cholangiopathies and drug assays, especially for bile transport
and drainage between BECs and hepatocytes in humans. The
shortage of the cell source also limits the in vitro study of human
BECs (hBECs) and the three-dimensional structural function of the
BD (Buisson et al., 2019).

It has been proven to be feasible to use isolated BECs or stem
cells as a source to establish a three-dimensional biliary network
in vitro by bioengineering methods (Ramli et al., 2020; Huang et al.,
2021; Sato et al., 2021; Roos et al., 2022; Wang et al., 2022; Yan et al.,
2022). Currently, there has been significant improvement in the
generation of functional hepatocytes from induced pluripotent stem
cells (iPSCs). Several in vitro models of human hepatic disease have
been established based on iPSCs (Olgasi et al., 2020; Kim et al., 2022;
Park et al., 2022; Xu et al., 2022). Some researchers have also used
chemically induced pluripotent stem cells to build various
hepatocyte and cholangiocyte organoids (Si-Tayeb et al., 2010;
Chen et al., 2018; Aizarani et al., 2019; Ramli et al., 2020; Wang
et al., 2020; Carberry et al., 2022). Although there has been
significant success in the induction of BECs and BD cysts from
animal cell sources, the induction of human three-dimensional BDs
(hBDs) has not fully progressed (Huang et al., 2020; Ramli et al.,
2020; Huang et al., 2021). iPSCs or liver progenitor cells (LPCs)
constitute BD epithelial cells, spheroids and biliary tubules in
different cultural environments needed the different
combinations of growth factors (Tanimizu et al., 2007; Tian
et al., 2016). However, iPSCs with altered gene sequences and the
isolation of BECs with limited sources still have limited clinical
applications, although BECs and biliary organoids have shown great
value in the treatment of biliary disease (Sampaziotis et al., 2021;
Velazquez and Ebrahimkhani, 2021). Additionally, the present
studies of BDs constructed in vitro usually ignore the relationship
between BDs and hepatocytes. Hepatotoxicity studies based on
hepatocytes are basically studies of the hepatocyte culture models
or cystic hepatic organoids (Li et al., 2022; Park et al., 2022). Cystic
organoids contain BECs and hepatocytes and exhibit corresponding
characteristic cell functions. The multicellular tissue of BD
combined with hepatocytes is a hepatic organoid that can
represent the physiological state.

Katsuda et al. used a small molecule cocktail to chemically
induce rodent mature hepatocyte (rMH) dedifferentiation into
chemically-induced liver progenitor cells (CLiPs) with
bidirectional differentiation potential of MHs and BECs, and on
this basis, they and other researchers developed methods for human
MHs (hMHs) (Katsuda et al., 2017; Katsuda et al., 2019; Kim et al.,
2019). Human CLiPs (hCLiPs), chemically induced from hMHs,
offer an appreciated cell source for regenerative medicine (Katsuda
et al., 2019). The dilative and proliferative ability and bidirectional

differentiation potential of hCLiPs bring considerable prospects for
the treatment of end-stage liver disease. Huang et al. established
biliary duct-like structure integrated hepatocyte tissues from rCLiPs,
providing an excellent in vitro model for hepatobiliary disease
research but not for humans (Huang et al., 2020; Huang et al.,
2021). The BD-hepatocyte connected tissue as a cocultured organoid
model provides a model for studying the integrated BD-hepatocyte
and hepatocyte-cholangiopathy in vitro, which can be used to study
the transport of bile and establish in vitro disease models.

In this study, the primary aim was to utilize hCLiPs to establish
functional hepatic tissue with a three-dimensional BD connected to
the hMHs. The connected tissue exhibits both structural and
functional characteristics similar to BD-hepatocyte transporters
and bile canaliculi. The interconnected tissue was capable of
performing the crucial functions of bile transportation, collection,
and delivery.

2 Methods

2.1 Cell culture and conversion

Human Cryo-Hepatocytes (CHHs) (Lot.416, Corning, Woburn,
MA, United States) were seeded into collagen type-I-coated dishes
(Asahi Techno Glass, Tokyo, Japan) at a density of 2 × 104 cells/cm2 in
STIM medium to promote attachment to the plate surface. The STIM
medium was a hepatocyte culture media kit with 10 ng/μL epidermal
growth factor (EGF) containing 1x penicillin‒streptomycin-glutamine
(100X) (Gibco™, Tokyo, Japan) and 10% fetal bovine serum (FBS,
Gibco™, Tokyo, Japan). Four hours later, the culture medium was
changed to small chemically reprogrammed culture medium. The small
chemical reprogramming culture medium was DMEM/F12 containing
2.4 g/L NaHCO3 and L-glutamine (Life Technologies, Tokyo, Japan)
and supplemented with 5 mMHEPES, 30 mg/L L-proline, 0.05% BSA,
10 ng/mL EGF (all from Sigma‒Aldrich Japan, Tokyo, Japan), insulin-
transferrin-serine (ITS)-X (Life Technologies, Tokyo, Japan), 10−7M
dexamethasone (Dex) (Fuji Pharma Co. Ltd., Tokyo, Japan), 10 mM
nicotinamide (Sigma‒Aldrich, Tokyo, Japan), 1 mM ascorbic acid-2
phosphate (Wako Pure Chemical, Osaka, Japan), 100 U/mL penicillin,
and 100 mg/mL streptomycin (Life Technologies, Tokyo, Japan) in
addition to two small chemical molecules of 0.5 μM A-83–01 (Wako
Pure Chemical, Osaka, Japan), 3 μM CHIR99021 (A10199, AdooQ
BioScience, Irvine, CA, United States) and 10% FBS, which would be
called FAC medium. The culture medium was changed 1 day after
seeding and every two/3 days thereafter. It takes 14–16 days to generate
hCLiPs at up to 90% confluence from CHHs.

2.2 Removal of fibroblasts and subculture of
hCLiPs

The cultured cells reached ≥90% confluence and were treated
with TrypLE Express (Life Technologies, Tokyo, Japan) for
15–20 min. The hCLiPs were expanded with an equivalent
volume of preculture medium, and the cells were transferred to a
15 mL conical tube and centrifuged at 220 g for 5 min. The cell pellet
was resuspended in 5 mL of culture medium, and the total number
of cells and percent viability were determined using a
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hemocytometer. The isolated hCLiPs were seeded onto gelatin-
coated culture plates (Asahi Techno Glass, Tokyo, Japan) at a
density of 5.0 × 104 cells/cm2 and incubated for 60 min. The cells
in the medium were isolated and seeded onto collagen-coated plates
at a density of 5.0 × 104 cells/cm2 and incubated for 10 min. After
10 min, the cells were isolated and seeded onto collagen-coated
plates at a density of 1.0 × 104 cells/cm2. The cells seeded onto the
third collagen-coated plates achieved an appreciable purity. This
method was drived from the published patent [JP2020-162551
(P2020-162551A)].

2.3 Human BD formation from hCLiPs

BDs were differentiated and formed from hCLiPs as previously
reported (Huang et al., 2021). Briefly, 1–2 days before collecting the
hCLiP suspension, we used embryonic fibroblast feeder cells (MEFs)
(Cat #PMEF-N, Merck Millipore, Billerica, MA United States) to
form an MEF feeder layer by seeding 1–2 × 105 cells on collagen-
coated 12-well plates (approximately 3 × 104 cells/cm2) in DMEM
containing 10% FBS. We plated the dissociated hCLiP suspension
onto the MEF feeder layer at a density of 4–5 × 105 cells/well (1.2 ×
105 cells/cm2) in FAC medium for cell attachment for 1 day.
Thereafter, we replaced the medium with BEC induction medium
(BIM), which was mTeSR™1 Complete Kit (Catalog #85850,
STEMCELL Technologies, Tokyo, Japan), including
mTeSR™1 basal medium supplemented with TeSR™1 5X
supplement, with the addition three small chemical molecules of
10 µM Y-27632, 0.5 µM A-83–01, 3 µM CHIR99021, hepatocyte
growth factor (HGF, Sigma‒Aldrich Japan, Tokyo, Japan) and EGF,
every 2 days for 6 days, followed by BIM supplemented with 2%
growth factor reduced Matrigel (Catlog 354230, Corning, Bedford,
United States) for an additional 6–10 days, to facilitate the
maturation of BECs and the formation of biliary structures.

2.4 Integrated BD structure to human
hepatocytes

We plated CHHs onto three-dimensional BD at a density of
1 × 105 cells/12-well plate (2.5 × 104 cells/cm2) for 1 day in
hepatocyte-defined medium (Catlog 05449, Corning, Bedford,
United States) supplemented with 10 μg/mL EGF and 10% FBS.
We then replaced it with BIM supplemented with 2% Matrigel for
another 2–4 days. The BD was automatically attached with
hepatocytes with bile canaliculi to the biliary cells.

2.5 Gene expression analysis by quantitative
reverse-transcription polymerase chain
reaction (qRT‒PCR)

Samples were cultured in dishes under various conditions,
and mRNA was extracted using a spin column (NucleoSpin RNA
II; Macherey-Nagel, Düren, Germany). Synthesis of cDNA was
performed using a high-capacity cDNA reverse transcription kit
(Applied Biosystems, Tokyo, Japan). Samples were then stored
at −20°C until their analysis by polymerase chain reaction (PCR),

which was performed using an Applied Biosystems StepOne Plus
Real-time PCR System with TaqMan Gene Expression Assay
Kits (Applied Biosystems, Tokyo, Japan) according to the
manufacturer’s instructions. Briefly, PCR mixtures contained
1 μL of cDNA, 1 μL of TaqMan Gene Expression Assay probe,
5 μL of TaqMan Fast Advanced Master Mix (both from Applied
Biosystems), and 13 μL of nuclease-free water. All TaqMan gene
primers are listed in Supplementary Table S1. The
thermocycling conditions were 95°C for 20 s followed by
40 cycles of 95°C for 1 s and 60°C for 20 s. Expression levels
were quantified using the comparative cycle time method. Cycle
threshold (Ct) values were automatically determined by the
Applied Biosystems StepOne Plus Real-Time PCR System,
and fold changes in gene expression were calculated by the
2̂(−ΔΔCT) method. Expression levels were normalized to
those of the housekeeping gene and internal control
glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

2.6 Immunofluorescence

Cultured cells were fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) (Wako Pure Chemical, Osaka, Japan) for 10 min.
Fixed samples were then incubated in 0.1% Triton X-100 (Sigma‒
Aldrich, Tokyo, Japan) in PBS for 10 min and blocked in PBS
containing 1% BSA for 1 h at room temperature. The cells were
then incubated with primary antibodies diluted in PBS+1% BSA at
4°C overnight. After washing with PBS three times, they were incubated
with appropriate secondary antibodies diluted in PBS+1% BSA for 2 h.
All primary and secondary antibodies are listed in Supplementary Table
S2. Nuclei were stained with 4′,6-diamidiono-2-phenylindole (DAPI)
(DOJINDO, Kumamoto, Jaoan) for 30 min. They were washed for
three times in PBS up to 30–60 min. Fluorescence and bright-field
images were captured using a microscope (Ti-U and C-HGFI, Nikon,
Tokyo, Japan).

2.7 Rhodamine 123 assay

The rhodamine 123 assay was performed.We incubated the cells
with Hanks’ balanced salt solution (HBSS) containing 100 µM
rhodamine 123 (both from Sigma-Aldrich, Tokyo, Japan) for
30 min at 37°C and washed them with HBSS twice. To inhibit
the transporter activity of multidrug-resistance protein 1 (Mdr1),
we incubated the cells with 20 µM verapamil (Tokyo Chemical
Industry Co., Ltd. Tokyo, Japan) at 37°C for 2 h before adding
rhodamine 123. Fluorescence and bright-field images were captured
using a microscope (Ti-U and C-HGFI, Nikon, Tokyo, Japan).

2.8 Definition of the biliary lumen by cell-
tracking staining

Because of the functionality of the hCLiP-derived biliary-duct-
like structures, they were able to metabolize a cell-tracking dye to
ascertain the extent of the biliary lumen. Therefore, we used the
sequential cell-tracking staining method to determine the tubular
lumen in the induced biliary duct structures. Briefly, the induced
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biliary structures were incubated with 100 µM rhodamine 123 dye
for 10 min at 37°C. Subsequently, the biliary-duct-like structures
were cultured in BIM-2 medium (BIM-1 supplemented with 2%
Matrigel) for 48 h, followed by incubation with 10 μM cell tracker
orange (CTO, C34551; Invitrogen, Tokyo, Japan) dye for 10 min at
37°C. After washing twice with HBSS, images were captured using a
microscope (Ti-U and C-HGFI, Nikon, Tokyo, Japan).

2.9 Cholyl-lysyl-fluorescein (CLF) dye assay

We loaded the cells with 1 μM CLF (Corning Life Sciences,
Bedford, United States) for 30 min at 37°C and washed them twice
with HBSS. We observed the cells and captured images using a
confocal microscope. We replaced the cell medium with BIM
medium to keep the cells alive for an extended period.

FIGURE 1
FACmedium converted human cryohepatocytes into hepatic progenitor cells. (A) FACmedium could induce humanmature hepatocytes (MHs) into
chemically induced liver progenitor cells (hCLiPs). (B) Themorphology of the MHs gradually changed during 2 weeks of FAC culture. Scale bar = 100 μm.
(C, D) RT-qPCR analysis showed that the hepatic progenitor cell (LPC)-relatedmarkers EpCAM, KRT-19, SOX-9, and CD133 gradually increased (n= 3–6),
while the MH markers ALB, CYP7A1, and HNF-4α gradually decreased, which indicated that MHs were transferred to the hCLiP (n = 3–6). Data
represent themean values. Student’s t-test, *p < 0.05, **p < 0.01. (E) Immunofluorescence staining of transformed cells was performed on day 14, and the
cells expressed the LPC-related markers EpCAM, CK-19, and CD133. Scale bar = 200 μm.
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2.10 Statistical analysis

Statistical analyses were performed, and graphs were made using
GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA,
United States). Data were analyzed by Student’s t-test or a one-
way ANOVA. Details of the statistical analyses and the associated
values are described in the respective figure legends.

3 Results

3.1 FAC medium converted human cryo-
hepatocytes into hepatic progenitor cells

The transformed cells, CHH, were utilized in the experiments and
showed significant morphological changes after just 3 days of culture.
Notably, the transformed cells displayed a higher capacity for

proliferation compared to primary hepatocytes, achieving
approximately 90% confluence within 14 days of culture (Figures 1A,
B). Additionally, the proliferation of fibroblasts on the heterogeneous
culture plate could be observed (Supplementary Figures S1A, B). The
mRNAs of the transformed cells were extracted, andRT‒qPCRwas used
to analyze the gene expression of the hepatocytes and LPCs. The results
of Rt-qPCR confirmed that in transformed cells, the expression of LPC-
related genes, including EpCAM, KRT-19, SOX-9, and CD133
(Figure 1C), and fibroblast-related genes, including ACTA2, TGF-β2
and MMP2, was gradually upregulated (Supplementary Figure S1C),
while the relative gene expression of Alb, CYP7A1 and HNF4α in MHs
was gradually downregulated (Figure 1D). Moreover, the transformed
cells expressed the LPC protein markers EpCAM, CK-19 and CD133,
while the heterogeneous cells expressed the α-SMA protein (Figure 1E;
Supplementary Figure S1C). The data suggested that these transformed
cells converted from CHH by a small molecule cocktail with FAC
medium were LPCs.

FIGURE 2
HGF promoted bile duct (BD) formation in three-dimensional culture. (A) Embryonic fibroblast feeder cells (MEFs)were used as a layer, andMatrigel was used
to construct a three-dimensional culture environment as extracellularmatrix (ECM) to induce the hCLiPs to create three-dimensional BDs in a two-stepmethod. (B)
The bile duct-inducedmedium (BIM) to induce BD fromhCLiPwas inefficient (the red arrow shows the untransformed cells). Scale bar = 200 μm. (C) In BIM, BIM+
EGF, andBIM+EH, BDsweremixedwith pieces of hCLiPs or transformedBECs,while BIMwithHGFwasmore effective for forming BDs. Scale bar= 200 μm.
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3.2 HGF promoted BD formation in three-
dimensional culture

Three-dimensional BD formation was induced by a two-step
method in a three-dimensional environment established with
MEFs and Matrigel (Figure 2A). Since the direct use of BIM to
induce BDs from hCLiPs was not efficient (Figure 2B), we
introduced the growth factors HGF and EGF as supplements of
BIM. (Tanimizu et al., 2007; Anzai et al., 2016; Kim et al., 2019). In
heterogeneous cell culture dishes that induce hepatic progenitor
cells, it is imperative to remove a large number of mixed fibrotic
cells (Singh et al., 2013). It has been previously reported that many
fibrotic cells produced during the induction of MHs are isolated
using different culture medium (Miyoshi et al., 2022). When using
hCLiPs to generate BDs, fibroblasts affect the formation of BD due
to the rapid proliferation of fibroblasts (Supplementary Figure
S2A), and the hCLiPs were enriched in purity without damage by
multiple subcultures (Supplementary Figure S3A–C). BIM with
HGF or EGF could generate BDs in 3D culture earlier (Day 11) in

comparison to BIM alone. BIM with HGF was more effective in
inducing the transformation of hCLiPs into BECs and the
formation of BD tubular structures. In BIM, BIM with EGF,
BIM with EH, BD were mixed with pieces of hCLiPs or
transformed BECs (Figure 2C).

All four groups were subjected to immunofluorescence
microscopy to determine whether the induced biliary-like
structure was the BD structure. AQP-1, CK-7, CK-19, and
EpCAM (BD-related markers) were expressed on all BDs
(Figure 3A), but the fluorescence intensity of CK-7, CFTR,
and EpCAM appeared to differ. This was more pronounced in
areas where BDs formed (Figure 3B; Supplementary Figures S4).
As described above, BD-associated proteins are more
pronounced in regions of BD-like formation, and the
condition of 3D culture supply with HGF is more helpful in
inducing hCLiPs to form 3D BDs. This was also confirmed by
RT‒qPCR results for BD-associated genes (KRT-7, GGT1, and
CFTR) and progenitor cell-associated genes (EPCAM, SOX9, and
HNF4A) (Figure 3C).

FIGURE 3
Bile duct-like structures expressed biliary markers. (A) The bile duct-related markers AQP-1, CK-7, CK-19, and EpCAM were expressed on all bile
ducts. Scale bar = 200 μm.(B) The fluorescence intensity of bile duct-related markers CK-7, CFTR, and EpCAM appeared to differ in BIM with HGF, which
ismore pronounced in areas where bile ducts formed (the red box shows the negative zone, and thewhite box shows the high-intensity area). Scale bar =
500 μm. (C) RT-qPCR was used to assay the bile duct-associated genes KRT-7, GGT1, and CFTR and the progenitor cell-associated genes EPCAM,
SOX9, andHNF4A and showed that BIMwith HGF increased biliary genes and progenitor genes. (n= 3–6) Data represent themean ± standard error of the
mean. One-way ANOVA, *p < 0.05, **p < 0.01.
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FIGURE 4
The function of the bile duct structure induced by hCLiPs resembles the biliary function. (A) Rhodamine-123 was transported into the BEC and
accumulated in the lumen of the biliary duct structures. This could be inhibited by the MDR-1 inhibitor verapamil. (B, C) Rhodamine-123 was transported
into the BEC and accumulated in the lumen of the biliary duct structures in BIM + HGF group, fluorescence intensity along the line was evaluated by
ImageJ. (D) To further illustrate the presence of lumen in the bile ducts, after 24 h of staining Rhodamine-123, the dyewas taken up by bile duct cells
for 30 min using a cell tracker orange. (E, F) In the BIM+HGF group, CK-7 showed the structure of the bile duct, and cell-tracker staining analysis (30 min)
of the bile duct in the BIM + HGF group showed the lumen in the bile duct.
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3.3 The functionality of the BD structure
induced by hCLiPs resembled the biliary
function

The functionality of the BD structure was assessed by
determining multidrug resistance protein-1 (MDR1) activity,
which was evaluated by the ability to transfer rhodamine-123
into the lumen. Rhodamine-123 was transported into the BECs
and then accumulated in the lumen of the BD (Figure 4A). In
contrast, as the MDR-1 transporter inhibitor, verapamil prevented
rhodamine-123 from accumulating in the lumen of the BD,
confirming the functional MDR-1 transport activity in the BD
(Figure 4A). The bile duct uptake of rhodamine-123 in BIM +HGF
group was further examined, and the bile duct uptake of
rhodamine-123 could be inhibited by verapamil (Figures 4B, C).
To further illustrate the presence of lumen in the BD, after 24 h of
staining with rhodamine-123, the dye was taken up by BECs for
30 min using a cell-tracker, and BIM +HGF could be seen to have a
more pronounced cavity when viewed under a fluorescence

microscope (Figure 4D). In the BIM + HGF group, CK-7
showed the structure of the bile duct with cysts, and 30 min
cell-tracker orange staining analysis in the BIM + HGF group
showed the lumen in the bile duct in the BIM + HGF group
(Figures 4E, F). These results suggested that BIM supplied with
HGF could induce the formation of a functional BD with a lumen
from hCLiPs.

3.4 The human BD structure is integrated
with hepatocytes

The intrahepatic BD forms a complex three-dimensional
network configured by cholangiocytes. The BD is responsible
for bile acid collection and transplantation from the bile
canaliculi among hepatocytes in the in vivo hepatic system.
To investigate whether the BD structure induced by hCLiPs
could collect bile acid from bile canaliculi and hepatocytes, we
seeded human hepatocytes into the BD system generated from

FIGURE 5
The human bile duct structure is integratedwith hepatocytes. (A) In the bile duct structures combined with MHs, CLF could accumulate in the lumen
from the culture medium through the MHs. Scale bar = 100 μm. (B, C) In hepatocytes that were not incorporated into a bile duct or in only MEF
conditions, the CLF accumulated in the bile canaliculi formed by the hepatocytes. Scale bar = 100 μm. (D, E, F) The immunofluorescence results showed
that the integrated MHs expressed albumin (ALB), a marker of mature hepatocytes, dipeptidyl peptidase-4 (DPP-4), a marker protein of the bile
canaliculi, and the transporter AQP-1. In contrast, MHs unconnected to the bile duct structures expressed only ALB (the white narrow shows the
unintegrated hepatocytes). Scale bar = 200 μm.
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hCLiPs for 1 day in STIM and 3 days in BIM with HGF, which
allowed hepatocytes to integrate into the BD (Figure 5A).
Cholyl-l-Lysyl-Fluorescein (CLF) is a fluorescent bile salt
derivative that is being developed as an agent for
determining the in vivo liver function and in vitro hepatocyte
function (Milkiewicz et al., 2000; de Waart et al., 2010; Huang
et al., 2021). BD integrated with hepatocyte tissue could
accumulate CLF in the lumen of the BD (Figure 5B). In
contrast, the hepatocytes, which did not incorporate BD,
accumulated CLF in the bile canaliculi formed by the
hepatocytes (Figure 5C). The accumulation of CLF in the bile
canaliculi of hepatocytes under MEF-only conditions also
confirmed this finding (Figure 5D). Subsequently,
immunofluorescence staining of BD-integrated MHs was
performed, and the results showed that these MHs expressed
albumin (ALB), dipeptidyl peptidase-4 (DPP-4), a marker
protein of the bile canaliculi, and the transporter AQP-1
(Figures 5E, F). In contrast, MHs unconnected to the BD
expressed only ALB (Figure 5E). The above results showed
that the BD integrated the hMH and was able to transport
the CLF from the MHs into the BD lumen.

4 Discussion

A combination of small molecules could convert MHs into
LPCs, which had an unlimited self-renewal capacity and could be
induced to differentiate into both MHs and BECs (Katsuda et al.,
2017; Katsuda et al., 2019; Kim et al., 2019). In this study, we present
a novel in vitro three-dimensional BD formed by hCLiPs induced
from hMHs, which could combine with hMHs as an integrated
tissue with the complete biliary function of the accumulation of the
bile analog. This tissue represents a model of the human hepatic
organoid that is close to the condition in vivo. These results
demonstrate the functional properties of BECs and the
physiological nature of bile transport in the liver, providing a
valuable tool for the study of bile transport and metabolism and
related diseases. In addition, this tissue-engineered model holds
promise for the development of in vitro disease models and drug
screening.

Previous studies have explored the use of human BECs in vitro;
however, their practical application has been limited by a number
of factors. The low proportion of BECs in the liver, difficulties in
isolation, scarcity of donors, and ethical concerns have all hindered
the direct utilization of BECs (Katayanagi et al., 1998; Chen et al.,
2018; Huang et al., 2020). The use of small molecules to induce
mature cell dedifferentiation has gained increased attention in
recent times. Small molecule cocktails do not alter the genetic
sequence of the cell, which is different from iPSCs, but instead
manipulates the cell fate through alterations in the cell’s
epigenetics, offering a straightforward and highly controllable
approach (Knyazer et al., 2021; Guan et al., 2022; Hou et al.,
2022; Pan et al., 2022). For instance, the three-dimensional BD
generated from hCLiPs demonstrated in vitro properties that
resembled those of intrahepatic BDs, including the transport of
the bile analogs CLF and rhodamine-123. Ramli et al.
demonstrated the generation of a human hepatic organoid from
iPSCs, in which the cells underwent progressive differentiation

into hepatocytes and cholangiocytes within approximately 50 days
of culture (Ramli et al., 2020).

When isolating mature hepatocytes by two-step perfusion using
collagenase, fibrous cells, BD cells and other nonparenchymal cells
are always mixed because of the heterogeneity of liver cells (Zhang
et al., 2016; Aizarani et al., 2019). Induction cultures are often
heterogeneous because of the presence of undifferentiated
derivatives and nonparenchymal cells, thereby introducing
variability, potential immunogenicity, and problems in directed
differentiation (Singh et al., 2013; Miyoshi et al., 2022). When
FAC medium induced hepatocyte dedifferentiation, fibroblast
cells with strong growth ability grew on P0, gained a growth
advantage during the passage process and interfered with the
proliferation of hCLiPs after passaging, as shown in the
supplemental data. When BDs were induced with hCLiPs
without the removal of fibroblasts, the growth of BDs was
inhibited by the massive proliferation of fibroblasts during
induction. The fibroblast cells from FAC culture caused a high
background and limited the growth space. In heterogeneous cell
culture dishes that induce hepatic progenitor cells, it is particularly
important to remove a large number of mixed fibrotic cells (Singh
et al., 2013). The properties of stem cells themselves, which differ in
their adhesion to different extracellular matrices, are generally
weaker than those of fibrotic cells that are capable of secreting
collagen (Wang et al., 2016; Aizarani et al., 2019). Stem cells do not
inherently attach to the general surface, and there must be some
functionalized surface to facilitate adhesion (Lam and Longaker,
2012). It has been previously reported that a large number of fibrotic
cells produced during hepatoprostocyte induction are isolated using
different culture media (Miyoshi et al., 2022). It seems feasible to
select an appropriate adhesion surface for the separation of different
cells, especially stem cells and fibrotic cells with large differences in
adhesion ability (Wang et al., 2016). The collagen-coated dish can
provide a proper adhesion surface for hCLiPs, but for the gelatin-
coated dish, its adhesion ability is significantly weaker than that of
ordinary fibroblasts, at least in the adhesion time (Miyoshi et al.,
2022). After the one-time fibroblast cell removal procedure, the cells
in the final collagen-coated dish were mainly EpCAM-positive cells,
with only a small number of Desmin-positive cells. The cells in the
gelatin dish were almost all Desmin-positive cells, with few EpCAM-
positive cells.

When we attempted to use BIM, which was successfully used for
rat BD formation in other studies, to induce directed differentiation
of hCLiPs into BECs and subsequently construct three-dimensional
BD with medium supplemented with Matrigel, the efficiency of BIM
was found to be low (Figure 3) (Huang et al., 2021). The growth
factors HGF and EGF were introduced into BIM to improve this
situation. Other studies have confirmed that these growth factors
promote the induction of three-dimensional BD, especially HGF,
which can induce the tubular formation of BDs (Tanimizu et al.,
2007; Anzai et al., 2016; Tian et al., 2016; Kim et al., 2019). Dong
et al. summarized that the components of liver organoids, including
R-spondin-1, forskolin, Wnt, EGF, fibroblast growth factor (FGF),
HGF, and TGF-β inhibitors, promote the differentiation of LPCs
into BECs. Tanimizu et al. demonstrated that PI3K activated by EGF
in combination with HGF promoted proliferation during cyst
morphogenesis, and tubular or cyst formation depended on the
percentage of Matrigel in the total gel volume. According to some
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studies, hepatocyte growth factor (HGF) can promote the tube
formation of endothelial cells and ductal structure formation of
BD cells in three-dimensional culture conditions (Saiki et al., 2006;
Tian et al., 2016). HGF can also stimulate the proliferation and
differentiation of hepatocytes and induce the formation of
hepatocyte-derived biliary epithelium in vitro (Limaye et al.,
2008; Rose et al., 2021; Tanimizu et al., 2021). The biological
responses of scatter, growth, and branching morphogenesis
mediated by the HGF receptor are triggered by tyrosine
phosphorylation of a single multifunctional docking site located
in the carboxy-terminal tail of the receptor (Ponzetto et al., 1994;
Boccaccio et al., 1998). The study demonstrated that the HGF
receptor binds and phosphorylates Stat-3 and that the ensuing
nuclear signaling is required to trigger differentiation for
branching morphogenesis (Boccaccio et al., 1998). While HGF,
EGF, and the combination of the two induce the
transdifferentiation of hepatocytes to BECs, hepatocyte-to-BEC
transdifferentiation is regulated by HGF and EGF receptors, and
PI3 kinase–mediated signaling independent of AKT is a crucial
component of the transdifferentiation process (Limaye et al., 2008).
The activation of HGF-Met signaling induces diverse
morphogenetic responses, including the formation of branching
tubules, cell scattering, and invasion (Birchmeier et al., 2003;
Christensen et al., 2005). Therefore, HGF may have a positive
effect on BD formation in vitro and in three-dimensional culture.
Moreover, the LPCs developed cysts with the central lumen in 40%
Matrigel, and a lower percentage of Matrigel would form tubular
structures (Tanimizu et al., 2007). Tian et al. reported that they had
efficiently and controllably generated two-dimensional and three-
dimensional BD from iPSC-derived spheroids. The three-
dimensional BD structures were formed under control by HGF
and EGF in a three-dimensional ECM constructed byMatrigel (Tian
et al., 2016). Based on these findings, we compared the efficiency of
HGF, EGF, and the combination of the two, and they could promote
formation during tubular morphogenesis, but HGF only seemed
more efficient. In another similar hCLiPs, Kim et al. reported that
hCLiPs formed a tube-like branching morphology using BEC
differentiation medium consisting of DMEM/F12 medium
containing 10% FBS and 20 ng/mL HGF in a three-dimensional
culture constructed with collagen gel (Kim et al., 2019). Indeed, the
growth factors used in different culture systems and stem cells are
different. Nevertheless, it is undeniable that EGF and HGF are
culture components that can be considered to form tubular BD.

Bile is secreted from hepatocytes, extracted into bile canaliculi
formed by hepatocytes and subsequently delivered to the
intrahepatic BDs, where it is modified by BECs. The BECs form
the intrahepatic BD and extrahepatic BD, which complete the
modification, secretion, transportation, accumulation, and
discharge of bile (Reshetnyak, 2013). Huang et al. and Katsuda
et al. demonstrated that they generated rat BD or integrated tubule-
hepatocyte tissues in vitro that could transport CLF, rhodamine
123 or fluorescein diacetate (Katsuda et al., 2017; Huang et al., 2021).
This is the first reported instance of a tissue connection between the
human tubular BD and hepatocytes and presents an excellent
opportunity to develop an organoid model for studying diseases
related to human biliary hepatocytes. In vitro, the functionality of
the BD was assessed by determining MDR1 activity, which was
evaluated by the ability to transfer rhodamine-123 into the lumen.

The BD could collect rhodamine-123 in the BECs, which could
accumulate in the lumen, and this could be inhibited by verapamil.
Additionally, the P-gp transport function was evaluated by the active
transport of rhodamine 123, and verapamil was also an inhibitor of
the P-gp function (Wang et al., 2022). Milkiewicz et al.
demonstrated that the transportation of CLF is mediated by ATP
binding cassette subfamily C members 2 and 3 (ABCC2, 3), which
encode canalicular multispecific organic anion transporters 2 and 3
(MRP2/3) (Milkiewicz et al., 2000). The bile canaliculi formed by the
MHs without connecting BDs were also observed collecting CLF,
while it was reported that this phenomenon was not observed in
either the BEC monolayer or the BD without hepatocytes (Huang
et al., 2021). Therefore, we speculated that the bile canalicular
formed by the MHs formed a connection with BD and had the
ability to transport the bile analog CLF. Subsequent
immunofluorescence experiments also confirmed the presence of
AQP-1 and DPP-4 proteins between the MHs and the BD, which are
also bile transportation-related proteins. In conclusion, the
connection of the MHs to the BD provided a microstructural
basis for the excretion of bile.

Overall, this study provides a promising avenue for
establishing a novel in vitro system that combines hMHs and
BD using HGF and Matrigel. The functional BD, generated from
the hCLiPs, displayed characteristics of BDs and were able to
accumulate a bile analog, demonstrating their biliary function. By
coculturing and connecting hMHs and functional BD,
researchers can study various physiological and
pathophysiological conditions and evaluate drug responses.
The future study of the establishment of disease models from
this model could provide a valuable tool for drug development
and understanding disease mechanisms.
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SUPPLEMENTARY FIGURE S1
It was necessary to remove the fibroblast cells mixed with the hCLiPs. (A)
The fibroblast cells would increase during the induction of hCLiPs by FAC
medium. Scale bar = 500 μm. (B) If the fibroblast cells mixed in the
culture dish were not removed, the fibroblast cells with rapid proliferation
ability would overgrow in the culture dish after passaging. (C) Fibroblast-
related genes, including ACTA2, TGF- β 2, and MMP2, were gradually
upregulated during induction. (n = 3–6) Data represent the
mean± standard error of the mean. One-way ANOVA, *p < 0.01. (D)
Heterogeneous cells expressed the EpCAM and α-SMA proteins. Scale
bar = 200 μm.

SUPPLEMENTARY FIGURE S2
The fibroblast cells proliferated rapidly in a 3D culture environment, making it
difficult to form or fragment 3D bile ducts. Scale bar = 500 μm.

SUPPLEMENTARY FIGURE S3
The hCLiPs were enriched in purity without damage by multiple
subcultures. (A) Multiple subcultures were utilized to remove mixed
fibroblast cells in the suspension of hCLiP. (B) Immunofluorescence
staining of collagen dish-2 and a gelatin dish on day 8. Conversely to the
gelatin dishes, fewer Desmin-positive cells were observed in Collagen
dish-2 and most cells were EpCAM-positive. (C) RT-qPCR results
showed that the fibrosis related genes ACTA2, TGF-β2, and MMP2 were
more highly expressed in the fiber cells of the gelatin dishes than in the
hCLiPs of collagen dish-2, while the LPCmarker genes EpCAM, SOX-9,
and CD133 were more highly expressed in the hCLiPs. Data represent
the mean ± standard error of the mean. Student’s t test,
*p <0.05,*p < 0.01.

SUPPLEMENTARY FIGURE S4
The immunofluorescence results showed that the EpCAM protein was
expressed in the area of bile duct formation, while the EpCAM protein
expression was lower in cells that failed to form tubular structures in the
BIM+EGF and BIM+EH groups.
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