Received: 13 May 2019 | Revised: 12 August 2019

Accepted: 5 September 2019

DOI: 10.1111/jcmm.14703

ORIGINAL ARTICLE

WILEY

Glycyrrhizin mitigates radiation-induced acute lung injury by
inhibiting the HMGB1/TLR4 signalling pathway

Lei Zheng | Qian Zhu
Lu Cao | Jia-Yi Chen

Department of Radiation Oncology, Ruijin
Hospital, Shanghai Jiaotong University
School of Medicine, Shanghai, China

Correspondence

Jia-Yi Chen, Ruijin Hospital Department

of Radiation Oncology, Shanghai Jiaotong
University School of Medicine, No. 197, Rui
Jin Er Road, Shanghai, 200025, China.
Email: chenjiayi0188@aliyun.com

Funding information

National Nature Science Foundation of
China, Grant/Award Number: 81602791
and 81673102; Ministry of Science and
Technology Foundation of China, Grant/
Award Number: 2016YFC0105409

1 | INTRODUCTION

| ChengXu | MinlLi | HuanLi | Pei-QiangYi | Fei-Fei Xu |

Abstract

Radiation-induced lung injury (RILI) is the major complication of thoracic radia-
tion therapy, and no effective treatment is available. This study explored the role
of high-mobility group box 1 (HMGB1) in acute RILI and the therapeutic effect of
glycyrrhizin, an inhibitor of HMGB1, on RILI. C57BL/6 mice received a 20 Gy dose
of X-ray radiation to the whole thorax with or without administration of glycyrrhizin.
Severe lung inflammation was present 12 weeks after irradiation, although only a
mild change was noted at 2 weeks and could be alleviated by administration of gly-
cyrrhizin. Glycyrrhizin decreased the plasma concentrations of HMGB1 and sRAGE
as well as TNF-q, IL-1f and IL-6 levels in the bronchoalveolar lavage fluid (BALF). The
expression of RAGE was decreased while that of TLR4 was significantly increased at
12 weeks, but not 2 weeks, after irradiation in mouse lung tissue. In vitro, the expres-
sion of TLR4 increased in RAW 264.7 cells after conditioning with the supernatant
from the irradiated MLE-12 cells containing HMGB1 but showed no change when
conditioned medium without HMGB1 was used. However, conditioned culture had
no effect on RAGE expression in RAW 264.7 cells. Glycyrrhizin also inhibited the
related downstream transcription factors of HMGB/TLR4, such as NF-kB, JNK and
ERK1/2, in lung tissue and RAW 264.7 cells when TLR4 was activated. In conclusion,
the HMGB1/TLR4 pathway mediates RILI and can be mitigated by glycyrrhizin.
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infiltration. In addition, acute inflammation sometimes causes acute

respiratory distress syndrome (ARDS) and death.® To date, no drugs

Despite the progress in modern radiotherapy techniques, radiation-
induced lung injury (RILI) remains the main complication of radiother-
apy for thoracic malignancies.1 RILI is characterized by a relatively
long latent stage, subsequent acute inflammation and a final fibrosis
stage.? The latent stage has no obvious pathophysiologic changes,
while the inflammatory stage is accompanied by epithelial cell col-

lapse, increased lung capillary permeability and inflammatory cell

for RILI have been approved by the Food and Drug Administration
(FDA), and the exact mechanism by which radiation induces inflam-
matory responses in the lung remains unclear. Oxidative stress, hy-
poxia, immunocytes and cytokines all play roles in the development
of radiation-induced pneumonitis.* Recent reports demonstrated
that innate immunity triggered by radiation acted as an immune

modulator, causing radiation-induced damage in normal tissue.>?
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High-mobility group box 1 (HMGB1) is a DNA molecular chaper-
one that is constitutively expressed in the cell nucleus and serves as a
damage-associated molecular pattern (DAMP) when it is released into
the extracellular space.” DAMPs, similar to pathogen-associated mo-
lecular patterns (PAMPs), can activate the immune system by binding
to pattern recognition receptors (PRRs).2 HMGB1 was first identified
as a late mediator in a sepsis model” and is now thought to play a vital
role in many diseases.'® An increasing number of reports have con-
firmed the functions of HMGBL1 in infectious and sterile inflammation,
and many therapies targeting HMGB1 have been developed.“‘12 Some
studies reported that radiation could lead to HMGB1 translocation
and release, but its role in RILI has not been explicitly revealed.*®*

Glycyrrhizin (GL), a glycoconjugated triterpene extracted from
the roots and rhizomes of liquorice, has been widely used in Japan
and China as a hepatic protector and anti-inflammatory agent for
decades. GL has been shown to be a natural inhibitor of HMGB1 by
binding to the HMGB1 protein directly and inhibiting its biological
activity.?® In vital organs, GL has a protective role against porcine
endotoxaemia by reducing the expression of HMGB1 and pro-in-
flammatory cytokines.!® GL decreased serum levels of HMGB1 in a
rat sepsis model, protected against carrageenan-, benzo(a)pyrene-,
and lipopolysaccharide-induced lung injury and ischaemia-reperfu-
sion lung injury in vivo, and reduced mortality as a result.!” Although
few reports are available on the radioprotective effect of GL against
RILI,*®? they only observe the protective effect of GL against ra-
diation and do not explore its mechanism as an HMGB1 inhibitor.
Whether HMGB1 participates in the process of RILI and GL can miti-
gate RILI by inhibiting HMGB1 has not been reported until now.

To explore the role of HMGB1 in the development of RILI and the
radioprotective mechanism of GL, we performed studies and tried
to find whether GL can mitigate RILI by inhibiting the HMGB1/TLR4
signalling pathway.

2 | MATERIALS AND METHODS

2.1 | Animal model and irradiation

Adult female C57BL/6 mice (8 weeks of age, 17-19 g) were obtained
from the Experimental Animal Center of Rui Jin Hospital in Shanghai,
China. All animal experimental procedures were approved by the
Animal Ethics Committee of Rui Jin Hospital and were performed
in accordance with the Guide for The Care and Use of Laboratory
Animals published by the National Institutes of Health. The mice
were maintained under a 12-h light/dark cycle with standard food
pellets and water available ad libitum. Before irradiation, the mice
were randomly divided into four groups: normal control (C group);
GL without irradiation (CG, Control + GL group); irradiation only (R
group); and irradiation plus GL (RG, Radiation + GL group).

After anaesthetization by intraperitoneal administration of
50 mg/kg 1% sodium pentobarbital, each mouse was fixed on an or-
ganic glass pedestal with the body fully stretched. The whole thorax
received a single 20 Gy photon dose (6 MeV, dose rate 300 cGy/min,
source surface distance of 1 m; Elekta Precise, Stockholm, Sweden).
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The irradiation field was 40 x 2 cm, according to the breadth of the
pedestal and the lung size of 8-week-old mice. Before irradiation,
the irradiated area of each mouse was verified under X-ray simulator
to ensure that the head and abdomen were shielded. GL (Selleck,
Houston, USA; 10 mg/kg in 2% DMSO/PEG 400) was administered
intraperitoneally (i.p.) 1 hour before irradiation and every day until

week 4 and then three times per week until week 12.

2.2 | Histological evaluation

After opening the chest, the lungs were perfused with PBS according
to the standard protocol, and the removed tissues were fixed in 4%
paraformaldehyde and embedded in paraffin. Sections (5 um) were
stained with haematoxylin and eosin (H&E) and evaluated by two ex-
perienced pathologists who were blinded to the experimental treat-
ment groups. The pneumonia scores were assessed by evaluating the
thickness of the alveolar septa and infiltrated inflammatory cells in

the alveolar and interstitial space, as previously reported.?%?*

2.3 | Bronchoalveolar lavage fluid analysis

The mice were killed, the trachea was fully exposed, and a small
plastic catheter was inserted into the trachea. After irrigation with
0.5-1 mL of PBS, bilateral BALF was collected, and the process was re-
peated 2-3 times until the total BALF volume reached approximately
1 mL. The collected BALF was centrifuged at 15009 for 15 minutes,
and the supernatant was frozen at -80°C for ELISA. After removing
the supernatant, the pellet was resuspended in 0.5 mL of PBS for cell
counting and then stained with the Diff-Quick method with cyto-
spins for differential cell counts for statistical analysis.

2.4 | Cellline and irradiation

The mouse alveolar epithelial cell line (MLE-12) and mouse monocyte
cellline (RAW 264.7) were purchased from ATCC (Manassas). MLE-12
cells were cultured with F12/DMEM supplemented with 10% foetal
bovine serum (FBS; Gibco) in a 6-cm culture dish; the medium was
replaced with serum-free medium 2 hours before irradiation. Cell ir-
radiation was also performed under Linac with an 8 Gy dosage. RAW
264.7 cells were cultured with DMEM with 10% FBS. All cells were
cultured at 37°C in a humidified atmosphere of 95% and 5% CO,,.

2.5 | Migration assay

Cell migration assays were performed using a transwell migration
chamber (Corning). MLE-12 cells were seeded in a 24-well cell culture
plate with 10% F12/DMEM with or without HMGB1 peptide-free li-
popolysaccharide immediately after irradiation; transwell inserts were
suspended in the individual wells. A total of 1 x 10° RAW 264.7 cells
were seeded in the upper chamber of 8-pum porous transwell inserts
without Matrigel in serum-free DMEM with or without GL. After co-
culturing for 24 and 48 hours, the upper chambers were removed and
fixed with 4% paraformaldehyde for 20 minutes at room temperature.
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Then, cells were stained with crystal violet, and after washing with
PBS, non-migrated cells were removed from the transwell chambers
with a cotton swab. We counted the number of migrated cells from
five different microscope fields for statistical analysis.

2.6 | Conditioned culture

To mimic the process of RILI in vitro, we applied the supernatants from
irradiated MLE-12 cells as conditioned medium and observed the ef-
fect on RAW 264.7 cells, which represent infiltrated immunocytes in
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vivo. HMGBI1 expression was detected in the irradiated supernatants
by ELISA 24 and 48 hours after replacing the original medium of RAW
264.7 cells when the confluence was approximately 70% and the cells
were maintained in culture for an additional 24 hours.

2.7 | Western blot analysis

Tissue samples and cells were homogenized with RIPA lysis buffer
(Beyotime Biotech, Shanghai, China). Protein concentrations were
determined by using a BCA protein assay kit. The proteins were

RG

FIGURE 1 GL alleviates lung inflammation after radiation. A, Representative images of H&E staining at 2 and 12 wk, Scale bar = 100 um.
B,C, Lung tissue inflammation scores at 2 and 12 wk after irradiation (n = 6, *P < .5, **P < .01, ***P < .001). D, Magnified images of H&E
staining of no radiation and 2/12 weeks after irradiation. Main infiltrating cell types in lung tissue after 12 weeks are marked by arrows:
black arrow, macrophages; red arrow, lymphocytes; yellow arrow, neutrophils. Scale bar = 50 um
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FIGURE 2 Infiltrating cells in the BALF at 2 and 12 wk. A,B, Total numbers of infiltrating cells at 2 and 12 wk in the BALF. C,

Representative Diff-Quick staining images of cells in the BALF of no radiation and at 2 and 12 wk after irradiation. Scale bar = 50 um. D,
Statistical analysis results of three main cell types in the BALF after irradiation. (*P < .5, **P < .01, ***P < .001)

separated on a 12% SDS-polyacrylamide gel and transferred to a
PVDF membrane. After blocking with 5% bovine serum albumin
(BSA) in TBS, the membrane was incubated with primary antibody
at 4°C overnight. The secondary antibody was conjugated to horse-
radish peroxidase and incubated at room temperature for 1 hour.
Immunoreactivity was detected with an enhanced chemilumines-
cence kit (Beyotime Biotech) by a ChemiDoc™ MP System (Bio-Rad).
The following antibodies were used: HMGB1 (1:5000, Abcam),
RAGE (1:1000, Abcam), RAGE (1:200, Santa Cruz), TLR4 (1:1000,
Protein Tech), TLR4 (1:200, Santa Cruz) and p-actin (1:1000, Abcam);
pNF-kB/NF-kB, pJNK/JNK and pERK/ERK were all purchased from
Cell Signaling Technology and incubated at a dilution of 1:1000.

2.8 | RNA isolation and real-time PCR

Total RNA was extracted from frozen lung tissue using TRIzol
Reagent (Invitrogen) according to the manufacturer's instruc-
tions. Then, the total RNA was reverse-transcribed into CDNA
with a PrimeScript™ RT reagent kit with gDNA Eraser (Takara,
Japan). Real-time PCR was performed by monitoring the inten-
sity of fluorescence in real time using SYBR Green dye (Takara,
Japan) with a StepOne™ Real-time PCR machine (Applied
Biosystems). The PCR primer pairs used were as follows: p-actin,
forward, 5-ATGACAACTTTGGCATTGTG-3' and reverse, 5'-
CATACTTGGCAGGTTTCTCC- 3'; HMGB1, forward, 5'-TTGTGCG
AAAAGAAGTGC AG-3' and reverse, 5-TACAAACACAGCCTCC
CACA- 3'; RAGE, forward, 5-TGGCTCGAATCCTCCCCAAT-3' and

reverse, 5'-CCTCCTTCCCTCGCCTGTTA-3";and TLR4, forward, 5'-
GAGCCGGAAGGTTATTGTGGTAGTG-3' and reverse, 5'-TCAAGG
ACAATGAAGATGATGCCAGAG-3'.

29 | ELISA

The BALF concentrations of TNF-a, IL-1p and IL-6 were meas-
ured using ELISA kits (Beyotime Biotech), and the plasma levels of
HMGB1 and sRAGE were detected by an IBL ELISA kit (Japan) and
R&D ELISA kit (American), respectively, according to the manufac-
turer's directions.

2.10 | Statistical analyses

Data are represented as the mean + SEM from at least three independ-
ent experiments. All variables were analysed by one-way ANOVA or
Student's t tests. Statistical significance was defined as P < .05.

3 | RESULTS

3.1 | Radiation caused pulmonary inflammation, and
GL mitigated acute RILI

Radiation caused obvious pulmonary inflammation at 12 weeks,
indicated by macrophage, lymphocyte and neutrophil infiltration
in the alveoli and interstitium via histopathology. For mice treated

with GL, infiltrated immunocytes in lung tissue were decreased
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significantly at 12 weeks after irradiation, as shown in Figure 1. The
immediately injury induced by radiation was not reflected by patho-
logical changes, only a moderate inflammatory response at 2 weeks
after irradiation demonstrating a latent period.

3.2 | GLinhibited immunocyte infiltration
into the BALF

Although lung inflammation at 2 weeks was mild, infiltrated cells
increased noticeably in the BALF. GL decreased the total number of
infiltrating immunocytes in the BALF and changed the distribution
of inflammatory cell types. Figure 2 shows that the main cells in the
BALF from mice receiving no radiation were small alveolar mac-
rophages. Neutrophils were the main cells in the BALF at 2 weeks;
however, at 12 weeks, the primary cells were macrophages, and
most of them had polarized, exhibiting a larger morphology. GL sig-
nificantly decreased the number of neutrophils and macrophages in
the BALF at 2 and 12 weeks after irradiation, respectively.

3.3 | GL decreased the levels of cytokines
in the BALF

At 2 and 12 weeks after irradiation, TNF-a, IL-1p and IL-6 in the
BALF increased significantly compared to those without radiation
exposure, and GL inhibited the release of these pro-inflammatory

cytokines after irradiation (Figure 3).

3.4 | GLinhibited HMGB1 synthesis and release
in vivo

At the latent and inflammation stages of RILI, both mRNA in lung
tissue and plasma levels of HMGB1 increased significantly, while
the change in HMGB1 protein in the lung tissue was inconsistent,
with a mild change at 2 weeks after irradiation but a significant
decrease at 12 weeks. Glycyrrhizin can inhibit HMGB1 synthe-
sis and release both in the latent and inflammation stages of RILI
(Figure 4).
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3.5 | Expression of RAGE and TLR4 in lung tissue
after irradiation

At the latent stage of RILI, both RAGE and TLR4 expression in the
lung tissue changed slightly, but during the inflammation stage,
RAGE levels decreased while those of TLR4 increased significantly.
Radiation caused increased TLR4 mRNA expression at the inflam-
mation stage but had little effect on RAGE mRNA at both the latent
and inflammation stages of RILI. In contrast to the change in RAGE
in the lung tissue, radiation caused the soluble RAGE in plasma to
increase persistently along with the damage to alveolar epithelial
cells (Figure 5).

3.6 | Glycyrrhizin blocked the chemotaxis of
HMGB1 in vitro

To mimic the chemotaxis of irradiated lung tissue to peripheral blood
mononuclear cells, we used MLE-12 and RAW 264.7 cells as alveo-
lar epithelial cells and peripheral monocytes, respectively, in vitro.
MLE-12 cells were irradiated with 8 Gy dosage, and HMGB1 was
detected 48 hours after irradiation but not 24 hours. Transwell as-
says showed that migrating RAW 264.7 cells increased significantly
at 48 hours when HMGB1 was released, but not at 24 hours when
HMGB1 was still located intracellularly. We also found that the ad-
dition of HMGB1 peptide promotes the migration of RAW 264.7 cell
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FIGURE 5 Expression of HMGB1 receptors in the lung tissue during different stages after radiation. A,D, Western blotting analysis
of TLR4 and RAGE in the lung tissues at 2 and 12 wk after irradiation. B,C,E,F, Relative qualification of RAGE and TLR4 content in the
lung tissue in 2 and 12 wk after irradiation. G,H,J,K, Relative mRNA expression of RAGE and TLR4 in the lung tissue at 2 and 12 wk after
irradiation. I,L, ELISA results of sSRAGE in plasma during different stages after irradiation. (*P < .5, **P < .01, ***P < .001)

in control and radiation groups as well as glycyrrhizin inhibits the
migration stimulated by HMGB1 (Figure 6).

3.7 | GL inhibited the expression of TLR4 in
immunocytes after conditioned culture

To exclude the interference of different cell types between the in-
flammation stage and latent stage in vivo, we examined the receptors

of HMGB1 inirradiated MLE-12 cells and RAW 264.7 cells after con-
ditioned culture. Radiation had no direct effect on the expression
of RAGE and TLR4 in MLE-12 cells. The supernatant of the irradi-
ated MLE-12 cells had a moderate effect on the expression of RAGE
in RAW 264.7 cells. However, the expression of TLR4 increased
significantly after culture with supernatants of irradiated MLE-12
cells containing the released HMGB1 at 48 hours post-irradiation.
Glycyrrhizin inhibited the expression of TLR4 in RAW 264.7 cells,
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FIGURE 6 GL blocks the chemotaxis of HMGB1 in vitro. A, HMGB1 in supernatants from MLE-12 cells after irradiation at different
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which was activated by supernatants from irradiated MLE-12 cells at
48 hours post-irradiation (Figure 7).

3.8 | GL inhibited HMGB1/TLR4 downstream
in vivo and in vitro

Many transcription factors are involved in the HMGB1/TLR4
signalling pathway; we examined the expression of NF-xB, JNK
and ERK1/2 in vivo and in vitro when TLR4 was activated. We
found that pNF-xB, pJNK and pERK1/2 increased significantly in
lung tissues during the inflammation stage of RILI and in RAW
264.7 cells when cultured with conditioned medium containing
HMGB1. Interestingly, glycyrrhizin can block the activation
of these downstream transcription factors in vivo and in vitro
(Figure 8).

4 | DISCUSSION

The incidence of clinical RILI is observed in up to 30% of lung cancer
patients receiving thoracic irradiation and approximately 10%-15%
in other thoracic malignancy patients.?? Although RILI has been
known for almost one hundred years, its molecular mechanism is not
fully clarified, and no effective therapy is available except for steroid
corticoids and antibiotics in case of subsequent infection. HMGB1, a
DAMP molecule, has been demonstrated to be involved in infectious
and sterile inflammation,? but its role in RILI is unclear. Our study
found that HMGB1 plays an important role in mediating RILI and
that inhibition by GL can alleviate RILI.

Radiation-induced lung injury has arelatively long latent stage that
exhibits no obvious pathological changes, but many cytokines have

already been investigated in vivo and throughout the whole process
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FIGURE 7 GL inhibits TLR4 expression in immunocytes after conditioned culture. A, Western blotting analysis of TLR4 and RAGE in
MLE-12 cells at 24 and 48 h after irradiation in different groups. B,C, Relative qualification of RAGE and TLR4 content in MLE-12 cells after
irradiation. D,G, Western blotting analysis of TLR4 and RAGE in RAW 264.7 cells after conditioned culture with (48-h supernatants of
MLE-12 cells after irradiation) or without (24-h supernatants of MLE-12 cells after irradiation) released HMGBJ1. E,H, Relative qualification of
RAGE in RAW 264.7 cells after conditioned medium. F,I, Relative qualification of TLR4 in RAW 264.7 cells after conditioned medium

of RILI.?*?> Radiation induces acute lung inflammation that often oc-
curs 3-12 weeks after irradiation, with monocytes, neutrophils and
lymphocytes infiltrating the alveolar interstitium.?* Innate and adap-
tive immunity are known to have functions in radiation-induced in-
flammation, but how radiation initiates the immune system is not yet
obvious.?® Recent studies have identified endogenous DAMPs, such
as HMGB1, ATP, heat-shock protein (HSP) and hyaluronan, that could
bind to PRRs and activate the immune system. Radiation-induced
DAMP release could explain the radiation-triggered inflammation.?”2?

HMGBL1 is one of the most important DAMP molecules. Some
reports have shown that radiation causes HMGB1 release and

serves as an extracellular immunoregulator. Some researchers have

observed the release of HMGB1 after irradiation and that block-
ing its release can alleviate RILI,%%%! but no information about the
involvement of its receptors in the development of RILI has been
reported. In our research, we found that whole-thorax irradiation
promoted HMGB1 release into the plasma and increased mRNA ex-
pression. HMGB1 protein in the lung tissue changed slightly at the
latent stage but decreased significantly at the inflammation stage.
At 2 weeks, when the direct effect of irradiation on alveolar epithe-
lial cells was the main effect, HMGB1 release from cells decreased
its concentration in lung tissue, while also causing the subsequent
synthesis of HMGB1, which was reflected by an increase in mRNA
levels. When these reactions reached onto a balance, the expression
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FIGURE 8 GL inhibits the downstream
of HMGB1/TLR4 signalling pathway in
vivo and in vitro. A, Western blotting
analysis of NF-kB, JNK and ERK1/2 in O

the lung tissue at 12 wk after irradiation.
C,D,E, Relative qualification of pNF-«xB,

pJNK and pErk1/2 in lung tissue at
12 wk. B, Western blotting analysis of

G‘,‘"I’
s
; "’o,e
p-NF-kB/NF-kB/Actin )
relative intensity ratio
in lung at 12 weeks
o N S o ©
Y i
ke --j

NF-kB, JNK and ERK1/2 in RAW 264.7
cells after conditioned culture. F,G,H,
Relative qualification of pNF-xB, pJNK

o

and pErk1/2 in RAW 264.7 cells after
conditioned culture

p-JNK/JNK/Actin
relative intensity ratio
in lung at 12 weeks
o N -~ o © 3
Y, i
*
Py

g 3% g
<) <&
E «
Erk1/2 g2, ] T —— i
gﬁﬁ
szg °
<
ACTIN ¥5%
§E%
-9
25 2
ws o — -
5T LI
o » N o
> G >
o © & qga'\
F
s
B Eg 4 EE3 e
2.
g2 3
FR A
L g 2
£¢Z
3tE —
@2 E 1 —
a'® 0
>
<© & & &
5 > fFs Pe
NF-xB G d < S S
“ «
sE
S23
g8,
zsz
28
28 1 = -
i L
5 0
< S < &
H < »° &S Q"b&g\i_;v
pErk1/2 £ ¢ —
<IN
X2 3
=28
gz 2
Erk1/2 SES -
2 £ 1 -
$lm
[-Nr7}
ACTIN =0
P S
< o Q—"é\o&* e—“’b\e\‘i\,

of HMGB1 in lung tissue remained stable but it still consistently in-
creased the level of HMGB1 in plasma after radiation. At 12 weeks,
which is the subsequent chronic inflammation stage, a number of
immunocytes infiltrated the pulmonary interstitial tissue, synthe-
sized and secreted HMGB1 under cytokine stimulation. Notably, the
secretion exceeded the synthesis, so the HMGB1 level in the lung
tissue was lower than that in the control group. Thus, HMGB1 in the
lung tissue reflected the dynamic balance between the release and
synthesis of HMGB1.

Glycyrrhizin, a natural inhibitor of HMGB1, blocked the release
of HMGB1, TNF-a, IL-1p and IL-6 after whole lung irradiation. It also

decreased the infiltrating immunocytes in the BALF and lung tissue,
which indicated that HMGB1 was an important mediator and a po-
tential therapeutic target of RILI.

RAGE and TLR4 are the receptors to which HMGB1 binds di-
rectly. RAGE is moderately expressed in many cell types but highly
expressed in alveolar epithelial cells, while TLR4 is expressed
mainly in immunocytes.!? HMGB1 can regulate the release of
TNF-a, IL-8, IL-10 and MCP-1 via RAGEs in human normal epithe-
lial cells and promote the synthesis of IL-1p and I1L-18 by the RAGE/
NF-kB pathway in macrophages.’?®® HMGB1 also impairs the
function of the airway epithelial barrier by activating the RAGE/
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ERK pathway.>* On macrophages, TLR4 is the key receptor for
HMGBZ1, promoting the synthesis and release of TNF-a.3° HMGB1
also regulates T-cell differentiation via TLR4, RAGE and TLR2 in an
asthmatic mouse model.*® Both the HMGB1/RAGE and HMGB1/
TLR4 pathways participate in sterile inflammation after lung isch-
aemia-reperfusion injury.®”3® Moreover, both TLR4 and RAGE
participate in HMGB1-mediated lung diseases, although reports
on their effects in RILI are scarce. Our research found that there is
an early HMGBI1 release peak at 2 weeks after irradiation, but the
expression of RAGE and TLR4 showed slight changes during the la-
tent stage of RILI. With the progression of disease, the expression
of RAGE decreases with alveolar epithelial cell depletion, while
TLR4 increases during the acute inflammation stage because of
immunocyte infiltration. This finding indicates that the HMGB1/
TLR4 axis is the main pathway that mediates RILI.

To exclude the effect of cell numbers at different stages in
vivo, we mimicked the process of RILI in vitro. As our research
showed, macrophages and lymphocytes are the main infiltrating
cells in the inflammation stage. We used RAW 264.7 cells as the
infiltrating cells in the alveolar interstitium and MLE-12 cells as
the alveolar epithelial cells. To further illuminate the effect of
HMGB1, we examined the supernatants of irradiated MLE-12 cells
and found that the level of HMGB1 was increased at 48 hours but
not at 24 hours post-irradiation. The transwell results showed that
migration increased significantly after co-culture for 48 hours
only when HMGB1 was released. To confirm that this chemotaxis
is mediated by HMGB1, we added HMGB1 to the lower chamber
of the transwell system and found that migrated cells were more
obvious than the control cells. This migration can also be inhib-
ited by GL, and HMGB1 can rescue the migration inhibited by
GL. Interestingly, radiation did not alter the expression of RAGE
and TLR4 on MLE-12 cells directly. However, replacement of the
medium of RAW 264.7 cells with the supernatants of irradiated
MLE-12 after 48 hours, which contained HMGB1, significantly in-
creased the expression of TLR4 in RAW 264.7 cells. Glycyrrhizin
can block the migration and inhibit the expression of TLR4 in im-
munocytes in vivo and in vitro. These results demonstrated that
HMGB1 recruits immunocytes to the damaged sites in the lung
tissue and mediates inflammation via TLR4 in immunocytes during
the progression of RILI.

In contrast to the decrease in RAGE in the lung tissue after irra-
diation, the level of SRAGE in plasma remained high because of the
continuous damage to alveolar epithelial cells in RILI. Soluble RAGE
is the C-terminal splice variant of RAGE that is shed from the plasma
membrane via proteolytic cleavage by matrix metalloproteinases. It
can be secreted into plasma when damage occurs, so it reflects the
severity of cell injury to some extent. As RAGE is highly expressed
in alveolar epithelial cells, the plasma level of sRAGE is considered
a biomarker for ARDS, ventilation and ventilator-associated pneu-
monia and COPD.**** Our research also demonstrated an increase
in sSRAGE in plasma in accordance with the severity of inflammation
even before obvious inflammation occurred; thus, sSRAGE could be a
biomarker for RILI.

Intracellular transcription factors downstream of HMGB1/TLR4
that mediate sterile inflammation include JNK, ERK1/2 and NF-xB,
etc.*** Our research also examined the downstream effects of
HMGB1/TLR4 signals in vivo and vitro and found that the levels of
phosphorylated JNK, EKR1/2 and NF-kB were all increased in lung
tissue during the inflammation stage and in RAW 264.7 cells after
culture with conditioned medium containing HMGB1.

Glycyrrhizin, an inhibitor of HMGB1, can bind HMGB1 directly
without interfering with other chemokines.!® GL has many biological
effects, such as antiviral, anti-inflammatory, antitumoral, antioxi-
dant and hepatoprotective effects.*> GL can protect against damage
caused by drugs, sepsis, ischaemia-reperfusion and even radia-
tion.184%47 Our study further confirmed the protective effects of GL
against RILI by inhibiting radiation-induced HMGB1 release and the
HMGB1/TLR4 signalling pathway.

In conclusion, our research indicated that HMGB1 is a vital me-
diator of acute RILI and that its inhibitor GL can mitigate RILI via the
HMGB1/TLR4 signalling pathway. The radioprotective effect of GL
deserves further investigation and has potential clinical translational

value.

ACKNOWLEDGEMENTS

This work was supported by grants from the National Nature Science
Foundation of China (NO. 81673102 and 81602791) and Ministry of
Science and Technology Foundation of China (NO. 2016YFC0105409).

CONFLICT OF INTEREST

The authors declare that they have no competing interests.

AUTHORS' CONTRIBUTION

Jia-Yi Chen and Lei Zheng conceived and designed the research. Lei
Zheng conducted most of the experiments, analysed the data and
wrote the main part of the paper. All authors participated in parts

of the research.

DATA AVAILABILITY STATEMENT

All data included in this study are available upon request by contact

with the corresponding author.

ORCID
Lei Zheng https://orcid.org/0000-0002-0353-4732
REFERENCES

1. Simone CB 2nd. Thoracic radiation normal tissue injury. Semin
Radiat Oncol. 2017;27:370-377.

2. Rube CE, Uthe D, Schmid KW, et al. Dose-dependent induction of
transforming growth factor beta (TGF-beta) in the lung tissue of


https://orcid.org/0000-0002-0353-4732
https://orcid.org/0000-0002-0353-4732

ZHENG ET AL.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

fibrosis-prone mice after thoracic irradiation. Int J Radiat Oncol Biol
Phys. 2000;47:1033-1042.

Minami-Shimmyo Y, Ohe Y, Yamamoto S, et al. Risk factors for treat-
ment-related death associated with chemotherapy and thoracic ra-
diotherapy for lung cancer. J Thorac Oncol. 2012;7:177-182.

Citrin DE, Mitchell JB. Mechanisms of normal tissue injury from ir-
radiation. Semin Radiat Oncol. 2017;27:316-324.

Hekim N, Cetin Z, Nikitaki Z, et al. Radiation triggering immune re-
sponse and inflammation. Cancer Lett. 2015;368:156-163.
Burnette B, Weichselbaum RR. Radiation as an immune modulator.
Semin Radiat Oncol. 2013;23:273-280.

Kang R, Chen R, Zhang Q, et al. HMGB1 in health and disease. Mol
Aspects Med. 2014;40:1-116.

Takeuchi O, Akira S. Pattern recognition receptors and inflamma-
tion. Cell. 2010;140:805-820.

Wang H, Bloom O, Zhang M, et al. HMG-1 as a late mediator of
endotoxin lethality in mice science. Science. 1999;285:248-251.
Abraham E, Arcaroli J, Carmody A, et al. Cutting edge:
HMG-1 as a mediator of acute lung inflammation. J Immunol.
2000;165:2950-2954.

Andersson U, Tracey KJ. HMGB1 is a therapeutic target for
sterile inflammation and infection. Annu Rev Immunol. 2011;29:
139-162.

Venereau E, De Leo F, Mezzapelle R, et al. HMGB1 as biomarker
and drug target. Pharmacol Res. 2016;111:534-544.

Wang L, He L, Bao G, et al. lonizing radiation induces HMGB1 cy-
toplasmic translocation and extracellular release. Guo Ji Fang She Yi
Xue He Yi Xue Za Zhi. 2016;40:91-99.

Onishi M, Okonogi N, Oike T, et al. High linear energy transfer car-
bon-ion irradiation increases the release of the immune mediator
high mobility group box 1 from human cancer cells. J Radiat Res.
2018;59:541-546.

Mollica L, De Marchis F, Spitaleri A, et al. Glycyrrhizin binds to high-
mobility group box 1 protein and inhibits its cytokine activities.
Chem Biol. 2007;14:431-441.

Wei Wang FZ, Fang Y, Li X, Shen L, Cao T, Zhu H. Glycyrrhizin pro-
tects against porcine endotoxemia through modulation of systemic
inflammatory response. Crit Care. 2013;17(2):R44.

Ming LJ, Yin AC. Therapeutic effects of glycyrrhizic acid. Nat Prod
Commun. 2013;8:415-418.

Chen J, Zhang W, Zhang L, et al. Glycyrrhetinic acid alleviates radi-
ation-induced lung injury in mice. J Radiat Res. 2017;58:41-47.
Refahi S, Minaei B, Haddadi GH, et al. Histopathological evaluation
of the effectiveness of glycyrrhizic acid as a radioprotector against
the development of radiation-induced lung fibrosis. Iran J Radiol.
2016;13:e21012.

Heinzelmann F, Jendrossek V, Lauber K, et al. Irradiation-induced
pneumonitis mediated by the CD95/CD95-ligand system. J Natl
Cancer Inst. 2006;98:1248-1251.

Downing L, Sawarynski KE, Li J, et al. A simple quantitative method
for assessing pulmonary damage after x irradiation. Radiat Res.
2010;173:536-544.

Rajan Radha R, Chandrasekharan G. Pulmonary injury associated
with radiation therapy - Assessment, complications and therapeutic
targets. Biomed Pharmacother. 2017;89:1092-1104.

Bianchi ME, Crippa MP, Manfredi AA, et al. High-mobility group box
1 protein orchestrates responses to tissue damage via inflamma-
tion, innate and adaptive immunity, and tissue repair. Inmunol Rev.
2017;280:74-82.

Rubin P, Johnston CJ, Williams JP, et al. A perpetual cascade of
cytokines postirradiation leads to pulmonary fibrosis. Int J Radiat
Oncol Biol Phys. 1995;33:99-109.

Lierova A, Jelicova M, Nemcova M, et al. Cytokines and radiation-
induced pulmonary injuries. J Radiat Res. 2018;59:709-753.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

WILEY--22

Candeias SM, Testard |. The many interactions between the in-
nate immune system and the response to radiation. Cancer Lett.
2015;368:173-178.

McBride W, Olson JL, Wang CC, et al. A sense of danger from radi-
ation. Radiat Res. 2004;162:1-19.

Venereau E, Ceriotti C, Bianchi ME. DAMPs from cell death to new
life. Front Immunol. 2015;6:422.

Wirsdorfer F, Jendrossek V. Modeling DNA damage-induced pneu-
mopathy in mice: insight from danger signaling cascades. Radiat
Oncol. 2017;12:142.

Wang L, Zhang J, Wang B, et al. Blocking HMGB1 signal pathway
protects early radiation-induced lung injury. Int J Clin Exp Pathol.
2015;8:4815-4822.

Chen B, Na F, Yang H, et al. Ethyl pyruvate alleviates radiation-
induced lung injury in mice. Biomed Pharmacother. 2017;92:
468-478.

Wu X, MiY, Yang H, et al. The activation of HMGB1 as a progression
factor on inflammation response in normal human bronchial epithe-
lial cells through RAGE/JNK/NF-kappaB pathway. Mol Cell Biochem.
2013;380:249-257.

He Q, You H, Li XM, et al. HMGB1 promotes the synthesis of pro-
IL-1beta and pro-IL-18 by activation of p38 MAPK and NF-kappaB
through receptors for advanced glycation end-products in macro-
phages. Asian Pac J Cancer Prev. 2012;13:1365-1370.

Huang W, Zhao H, Dong H, et al. High-mobility group box 1 im-
pairs airway epithelial barrier function through the activation of the
RAGE/ERK pathway. Int J Mol Med. 2016;37:1189-1198.

Yang H, Hreggvidsdottir HS, Palmblad K, et al. A critical cyste-
ine is required for HMGB1 binding to Toll-like receptor 4 and ac-
tivation of macrophage cytokine release. Proc Natl Acad Sci USA.
2010;107:11942-11947.

Li R, Wang J, Zhu F, et al. HMGB1 regulates T helper 2 and T
helperl7 cell differentiation both directly and indirectly in asth-
matic mice. Mol Immunol. 2018;97:45-55.

Lapar DJ, Hajzus VA, Zhao Y, et al. Acute hyperglycemic exacerba-
tion of lung ischemia-reperfusion injury is mediated by receptor for
advanced glycation end-products signaling. Am J Respir Cell Mol Biol.
2012;46:299-305.

Nace GW, Huang H, Klune JR, et al. Cellular-specific role of toll-
like receptor 4 in hepatic ischemia-reperfusion injury in mice.
Hepatology (Baltimore, MD). 2013;58:374-387.

Uchida T, Shirasawa M, Ware LB, et al. Receptor for advanced gly-
cation end-products is a marker of type | cell injury in acute lung
injury. Am J Respir Crit Care Med. 2006;173:1008-1015.

Jabaudon M, Blondonnet R, Roszyk L, et al. Soluble receptor for
advanced glycation end-products predicts impaired alveolar fluid
clearance in acute respiratory distress syndrome. Am J Respir Crit
Care Med. 2015;192:191-199.

Cheng DT, Kim DK, Cockayne DA, et al. Systemic soluble recep-
tor for advanced glycation endproducts is a biomarker of emphy-
sema and associated with AGER genetic variants in patients with
chronic obstructive pulmonary disease. Am J Respir Crit Care Med.
2013;188:948-957.

Lv W, Chen N, Lin Y, et al. Macrophage migration inhibitory factor
promotes breast cancer metastasis via activation of HMGB1/TLR4/
NF kappa B axis. Cancer Lett. 2016;375:245-255.

Lee T, Yun S, Jeong JH, et al. Asprosin impairs insulin secretion in
response to glucose and viability through TLR4/JNK-mediated in-
flammation. Mol Cell Endocrinol. 2019;486:96-104.

Na HG, Kim YD, Choi YS, et al. Diesel exhaust particles elevate
MUC5AC and MUCS5B expression via the TLR4-mediated activa-
tion of ERK1/2, p38 MAPK, and NF-kappaB signaling pathways
in human airway epithelial cells. Biochem Biophys Res Commun.
2019;512:53-59.



2 | wiLEy

ZHENG T AL.

45. Hussain H, Green IR, Shamraiz U, et al. Therapeutic potential of
glycyrrhetinic acids: a patent review (2010-2017). Expert Opin Ther
Pat. 2018;28:383-398.

46. Zhao F, Fang Y, Deng S, et al. Glycyrrhizin protects rats from sepsis
by blocking HMGB1 signaling. BioMed Res Int. 2017;2017:1-10.

47. Fei L, Jifeng F, Tiantian W, et al. Glycyrrhizin ameliorate ischemia
reperfusion lung injury through downregulate TLR2 signaling cas-
cade in alveolar macrophages. Front Pharmacol. 2017;8:389.

How to cite this article: Zheng L, Zhu Q, Xu C, et al.
Glycyrrhizin mitigates radiation-induced acute lung injury by
inhibiting the HMGB1/TLR4 signalling pathway. J Cell Mol
Med. 2020;24:214-226. https://doi.org/10.1111/jcmmm.14703



https://doi.org/10.1111/jcmm.14703

