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Radiation enteritis is a common side effect of radiotherapy for abdominal and pelvic malignancies, which can lead to a decrease in
patients’ tolerance to radiotherapy and the quality of life. It has been demonstrated that glycyrrhizin (GL) possesses significant
anti-inflammatory activity. However, little is known about its anti-inflammatory effect in radiation enteritis. In the present study,
we aimed to investigate the potential anti-inflammatory effects of GL on radiation enteritis and elucidate the possible underlying
molecular mechanisms involved. .e C57BL/6 mice were subjected to 6.5Gy abdominal X-ray irradiation to establish a model of
radiation enteritis. Hematoxylin and eosin staining was performed to analyze the pathological changes in the jejunum. .e
expression of TNF-α in the jejunumwas analyzed by immunochemistry..e levels of inflammatory cytokines, such as TNF-α, IL-
6, IL-1β, and HMGB1 in the serum were determined by enzyme-linked immunosorbent assay. .e intestinal absorption capacity
was tested using the D-xylose absorption assay. .e levels of HMGB1 and TLR4 were analyzed by western blotting and im-
munofluorescence staining. We found that GL significantly alleviated the intestinal damage and reduced the levels of inflam-
matory cytokines, such as TNF-α, IL-6, IL-1β, and HMGB1 levels. Furthermore, the HMGB1/TLR4 signaling pathway was
significantly downregulated by GL treatment. In conclusion, these findings indicate that GL has a protective effect against
radiation enteritis through the inhibition of the intestinal damage and the inflammatory responses, as well as the HMGB1/TLR4
signaling pathway. .ereby, GL might be a potential therapeutic agent for the treatment of radiation enteritis.

1. Introduction

Radiotherapy is one of the effective methods for the
treatment of malignant abdominal and pelvic tumors [1, 2].
However, it serves as a double-edged sword. Although
abdominal irradiation is aimed to target the malignant
tissues, the adjacent healthy organs can be greatly influ-
enced as well, especially the rapidly renewing organs in-
volving the epithelial cells of the small intestine [3, 4]. .e

small intestine is considered to be one of the most sensitive
tissues in the abdomen to radiation exposure. After tran-
sient radiation exposure, ROS and NOS are immediately
generated [5–7], which can cause severe cell damage, in-
cluding DNA damage and the release of intracellular cy-
tokines [8, 9]. Radiation-induced DNA damage can act as a
damage-associated molecular pattern (DAMP) to stimulate
inflammatory responses, as well as destruction of the in-
testinal epithelial barrier mediated by abdominal radiation
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exposure, ultimately resulting in radiation enteritis
[5, 9–11].

High-mobility group box 1 (HMGB1) protein is an
important member of the DAMP family, which is trans-
located from the nucleus to the cytoplasm and released into
the extracellular environment in response to cell stress,
damage, and death, thereby acting as an important en-
dogenous danger signal and a crucial proinflammatory
mediator [12, 13]. When HMGB1 binds to the toll-like
receptor 4 (TLR4) or the receptor for advanced glycation end
products (RAGE), it triggers inflammatory responses and
then activates the release of cytokines, leading to further
tissue injuries [14]. As an early mediator of inflammation,
HMGB1 is implicated in a variety of inflammatory diseases,
including sepsis [15], arthritis and pneumonia [16, 17],
thereby indicating that HMGB1 maybe be a promising
therapeutic target for inflammatory diseases [18].

TLR4 belongs to the family of toll-like receptors (TLRs),
which recognize exogenous pathogen-associated molecular
patterns (PAMPs) and endogenous DAMPs [19]. TLR4
exists in a variety of tissues, including the brain [20],
myocardium, and small intestine [21]. Once TLR4 recog-
nizes HMGB1 released from the damaged tissues, the
production of cytokines, such as IL-6, TNF-α, and IL-1β is
activated to amplify the inflammatory cascade [22, 23].
Recently, it has been reported that the HMGB1/TLR4
pathway aggravates the destruction of intestinal mucosa in
colitis [24]. Nevertheless, the role of HMGB1/TLR4 pathway
in radiation enteritis has not been explored.

Glycyrrhizin (GL), the main active constituent derived
from Glycyrrhizaglabra, exerts a variety of pharmacological
effects, including anti-inflammatory [25, 26], anti-oxidant,
anti-tumor, and hepatoprotective effect [27]. It has been
proved that GL is an effective inhibitor of HMGB1 by many
studies [28, 29]. Clinically, GL has been commonly used in
the treatment of chronic hepatitis in Japan [30]. However,
there is no study on its effect on radiation enteritis.
.erefore, in this study, we investigated whether GL could
ameliorate radiation enteritis by regulating the HMGB1/
TLR4 pathway.

2. Materials and Methods

2.1. Animals. A total of 40 specific-pathogen-free male
C57BL/6 mice (weighing 18–22 g and aged 8 weeks) were
obtained from the Southern Medical University Experi-
mental Animal Center (certificate number was SYXK
Guangdong 2016-0167). .e mice were acclimatized to
standard laboratory conditions with 24± 2°C, 55–60% hu-
midity and a 12-hour light/dark cycle. All animal experi-
ments were performed strictly in accordance with the Guide
for the Care and Use of Laboratory Animals by the National
Institutes of Health and were approved by the Southern
Medical University’s Experimental Animal Ethics
Committee.

2.2. Glycyrrhizin Treatment. Glycyrrhizin (purity ≥98.0%)
was purchased from MedChemExpress (Shanghai, China).

All compounds were dissolved in normal saline containing
10% DMSO. A total of 40 mice were randomly divided into
five groups, namely the control, model, low-dose GL (5mg/
kg/day, i.p.), medium-dose GL (10mg/kg/day, i.p.), and
high-dose GL (20mg/kg/day, i.p.) groups, with eight mice in
each group..e mice were exposed to a single dose of 6.5Gy
abdominal X-ray irradiation using an irradiator instrument
MultiRad (MultiRad 225, Faxitron, USA) at a dose rate of
0.99Gy/min. To limit the exposure of the bone marrow to
irradiation, the head, chest, and extremities of mice were
shielded with lead strips. .e mice in the control group were
sham-irradiated. Two hours before irradiation, the mice in
the treatment group were pretreated with different doses of
GL (5mg/kg, 10mg/kg, and 20mg/kg). Within two hours
after irradiation, the mice were intraperitoneally (i.p.) ad-
ministrated with the previous doses of GL for three con-
secutive days. .e body weight of mice in each group was
monitored every day.

2.3. Histopathological Examination and Immunochemistry.
For the histopathological examination, all mice were sac-
rificed 3.5 days after irradiation. .e jejunum was collected
and fixed in 4% paraformaldehyde for 48 hours and then
embedded in paraffin. Sections were cut in 4 μm of thickness
and used for hematoxylin and eosin (H&E) staining. For
immunochemical analysis, paraffin sections were boiled in
sodium citrate to repair antigen. .en, the endogenous
peroxidase enzyme was inactivated using a 3% H2O2 solu-
tion for 10min. After three washes with PBS, the sections
were sealed with 5% nonfat dry milk in TBST for 2 h and
then incubated with the primary antibody diluted in 5%
nonfat dry milk overnight at 4°C..e primary antibody used
in immunochemistry was antibody against TNF-α (Rabbit,
1 : 250, Abcam). After three washes with PBS, the sections
were incubated with a biotinylated goat anti-rabbit sec-
ondary antibody for 2 h at room temperature. Afterward, the
sections were stained with DAB for 5–10min and coun-
terstained with hematoxylin. .ese sections were visualized
using an optical microscope (Olympus IX53; Olympus,
Japan).

2.4. Serum Analysis Using Enzyme-Linked Immunosorbent
Assay (ELISA). Serum concentrations of TNF-α, IL-6, IL-1β,
and HMGB1 were determined by using the commercial
ELISA kits (R&D Systems) and the protocols were adopted
according to the manufacturer’s instructions.

2.5. D-Xylose Absorption Assay. .e mice were orally ad-
ministered with a 5% w/v solution of D-xylose (100 μL/
mouse) in deionized water. After 2 hours of D-xylose ad-
ministration, the mice were sacrificed and blood samples
were collected by heparinized blood tubes. .en 50 μL of
serum sample was added to 5mL of phloroglucinol colour
reagent, and heated to 100°C in a water bath for 4min. After
equilibration to room temperature, D-xylose absorption was
measured with the aid of a spectrophotometer set at 554 nm.
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2.6. Western Blotting Analysis. .e jejunum of each group
was lysed in RIPA lysis buffer (.ermo Fisher Scientific, USA)
containing protease inhibitor and phosphatase inhibitor. .e
total protein concentration was determined using the BCA
protein estimation kit (.ermo Fisher Scientific, USA). Equal
quantities of the total protein were loaded into wells and
separated using SDS-PAGE, and then transferred to poly-
vinylidene fluoridemembranes..emembranes were blocked
with 5% nonfat dry milk in TBSTat room temperature for 1 h,
and incubated with primary antibodies overnight at 4°C. After
three washes in TBST, the membranes were incubated with
goat anti-rabbit secondary antibody conjugated with horse-
radish peroxidase (1 : 2000) at 4°C for 2 h. Immune-reactive
proteins were detected by ECL reagents (.ermo Fisher
Scientific, USA). .e following primary antibodies were used
in western blotting: Antibodies against HMGB1 (Rabbit, 1 :
1000, Abcam), TLR4 (Rabbit, 1 : 500, Abcam), and GAPDH
(Rabbit, 1 :1000, Cell Signaling Technology). GAPDH func-
tioned as an internal reference and then quantification
analysis was performed using the ImageJ (NIH) software.

2.7. Immunofluorescence Analysis. After the mice were
sacrificed, the jejunum was collected and fixed in 4% para-
formaldehyde for 48 h, and then in 30% sucrose solution for
72 h. .e jejunum was cut into 8 μm sections and infiltrated
with 0.1% Triton X-100 in PBS for 30min, and then incubated
with the blocking solution containing 5% nonfat dry milk at
room temperature for 2 h. Primary antibodies were added to
the sections and incubated overnight at 4°C. .e following
primary antibodies were used: HMGB1 (Rabbit, 1 : 250,
Abcam) and TLR4 (Rabbit, 1 :100, Abcam). After washing
with PBS, the sections were incubated with anti-rabbit sec-
ondary antibodies at room temperature for 1 h. .e following
secondary antibodies were used, goat anti-rabbit Alexa Fluor
488-conjugated IgG (1 : 500, Life Technologies) and goat anti-
rabbit Alexa Fluor 594-conjugated IgG (1 : 500, Life Tech-
nologies). .en, the sections were counterstained with DAPI
for 5minutes. After washing twice with PBS, the sections were
covered with the fluorescent mounting medium (Solarbio)
and coverslip. Finally, the sections were visualized under a
fluorescence microscope (Olympus, Tokyo, Japan).

2.8. Statistical Analysis. Statistical analysis was performed
using the GraphPad Prism software (ver. 5.0 GraphPad
Software, San Diego, USA). .e data were analyzed using
one-way ANOVA followed by Tukey’s multiple comparison
tests and shown as mean± SEM. Data were representative of
three independent experiments. P< 0.05 was considered as a
statistically significant difference.

3. Results

3.1. Glycyrrhizin Increases the Body Weight of C57BL/6 Mice
with Radiation Enteritis. To investigate the potential anti-
inflammatory effects of GL on radiation enteritis, we estab-
lished a mousemodel of radiation enteritis with a total dose of
6.5Gy X-ray irradiation. Two hours before or after irradia-
tion, the mice were treated with different doses of GL (5mg/

kg, 10mg/kg, 20mg/kg) for three days (Figure 1(a)).
Figure 1(b) shows changes in the body weight within 3.5 days
for all groups. .e mice with radiation enteritis showed a
significant decrease in body weight on day 2 (Figure 1(b). In
comparison with the model group, the mice treated with GL
(5mg/kg) showed reduced weight loss on day 3.5 (Figure 1(b).

3.2. Glycyrrhizin Alleviates the Jejunum Pathology.
Pathological examination of H&E-stained jejunum showed
that the morphology of jejunum rapidly changed after ir-
radiation, manifested by loss of intestinal epithelial integrity,
villi denudation, and mucosal muscular layer thinning.
Interestingly, the mice administered with 20mg/kg GL
exhibited relatively well-preserved histological architecture
with less intestinal epithelium damage (Figure 2(a)). H&E
staining of the jejunum showed that the mice exposed to
abdominal irradiation exhibited evidently decreased villus
height, villus width, crypt depth, and crypt count compared
to the control mice (Figures 2(b)–2(d). Increased villus
height, villus width, crypt depth, and crypt count were
observed in C57BL/6 mice administered with 20mg/kg GL
compared to that in the model mice (Figures 2(b)–2(d).

3.3. Glycyrrhizin Downregulates Proinflammatory Cytokines
Levels. To explore the anti-inflammatory effects of GL, the
expression of TNF-α in the jejunum was measured by
immunochemistry, and the levels of inflammatory cyto-
kines, such as TNF-α, IL-6, IL-1β, and HMGB1 in serum,
were determined by ELISA kits. Immunochemistry results
revealed that GL could inhibit the expression of TNF-α in
the jejunum (Figure 3(a)). Moreover, the serum levels of
cytokines, TNF-α, IL-6, IL-1β, and HMGB1 were signifi-
cantly increased in the model mice (Figure 3(b). However,
20mg/kg GL treatment markedly reduced the levels of in-
flammatory cytokines, TNF-α and HMGB1 in the mice with
radiation enteritis (Figure 3(b). In addition, GL inhibited the
levels of IL-6 and IL-1β in a dose-dependent manner
(Figure 3(b)..ese results indicate that GL plays a significant
anti-inflammatory role in radiation enteritis.

3.4. Glycyrrhizin Ameliorates Intestinal Absorption. To
evaluate the absorptive capacity of the intestine after radi-
ation exposure, the mice were fed with a D-xylose solution.
Because D-xylose is not metabolized in the body, serum D-
xylose level can well reflect the intestinal absorption ca-
pacity..ere was a significant reduction in the D-xylose level
in the model group 3.5 days after irradiation exposure. On
the contrary, there was an increased level of D-xylose in the
mice administered with 20mg/kg GL (Figure 4).

3.5. Glycyrrhizin Inhibits the HMGB1/TLR4 Pathway inMice
with Radiation Enteritis. Since GL exhibited markedly anti-
inflammatory effects in radiation enteritis (Figure 3), we
further evaluated the effects of GL on HMGB1/TLR4
pathway by western blotting analysis and immunofluores-
cence analysis, which is known to play a crucial role in
various inflammatory diseases..e elevation of HMGB1 and
TLR4 expression was detected in themodel group (Figure 5).
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Interestingly, the result of the western blotting analysis
revealed that GL treatment significantly decreased the ex-
pression of HMGB1 and TLR4 in C57BL/6 mice with ra-
diation enteritis, and administered with 20mg/kg GL
reduced HMGB1 and TLR4 expression most effectively
(Figure 5). .ese results were consistent with the findings of
intestinal immunofluorescence staining. Immunofluores-
cence staining showed that GL downregulated the expres-
sion of HMGB1 and TLR4 in radiation enteritis (Figures 5(c)
and 5(d)). Furthermore, the results revealed that the se-
cretion of HMGB1 was at the tips of the villi (Figure 5(c)).

4. Discussion

Radiotherapy is one of the effective treatments for ab-
dominal and pelvic malignancies. However, radiation en-
teritis not only reduces patients’ quality of life but also
reduces the tolerance to radiotherapy [31, 32]. Due to the
lack of drugs particularly effective in the prevention and
treatment of radiation enteritis, new agents are urgently

needed. It has been reported that GL could alleviate in-
flammatory responses and was adopted as a therapeutic
agent in a variety of inflammatory diseases, for instance
cerebral ischemia/reperfusion-induced inflammation and
arthritis [33]. .erefore, in our present study, we evaluated
the potential anti-inflammatory effects of GL on radiation
enteritis.

.e mice were subjected to 6.5Gy abdominal X-ray
irradiation to establish a model of radiation enteritis. When
the small intestine is exposed to irradiation, inflammatory
responses are activated immediately followed by the gen-
eration of cytokines. In recent studies, intestinal epithelial
cells were identified as the main source of HMGB1, which
participated in a variety of inflammatory responses [34, 35].
It is well known that TNF-α and IL-6 are produced in a
variety of inflammatory responses. In this study, the ad-
ministration of GL markedly decreased the expression of
TNF-α in the jejunum and the levels of TNF-α, IL-6, IL-1β,
and HMGB1 in serum..is indicates that GL exerts the anti-
inflammatory activity in radiation enteritis, which was
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Figure 1: Glycyrrhizin increased the body weight of C57BL/6 mice with radiation enteritis. (a) Establishment of a model of radiation
enteritis with a total dose of 6.5Gy x-rays and the GL treatment protocols for C57BL/6 mice with radiation enteritis, which were ad-
ministered with GL (5mg/kg, 10mg/kg, and 20mg/kg) for three days. (b) Body weight of each group was monitored per day. ∗P< 0.05,
∗∗P< 0.01, and ∗∗∗P< 0.001 vs. the control group; #P< 0.05 vs. the model group.
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Figure 2: GL significantly improved the jejunum pathology in C57BL/6 mice with radiation enteritis. (a) Representative jejunum
histopathology (H&E staining) of each group. All magnifications: ×200. (b–e) Intestinal villus height, villus width, crypt depth, and crypt
count of each group were measured to evaluate the effect of GL on intestinal morphology. ∗P< 0.05, ∗∗P< 0.01, and ∗∗∗P< 0.001vs. the
control group; #P< 0.05 and ##P< 0.01 vs. the model group.

ModelControl GL 5mg/kg

50μm 50μm 50μm

GL 20mg/kgGL 10mg/kg

50μm 50μm

(a)

∗

##
#

C
on

tro
l

M
od

el

G
L 

10
m

g/
kg

G
L 

20
m

g/
kg

G
L 

5m
g/

kg
0

5

10

15

IL
-6

 (p
g/

m
l)

∗∗∗∗∗∗∗∗∗

###

0

10

20

30

40

H
M

G
B1

 (p
g/

m
l)

∗∗∗

∗∗

###

C
on

tro
l

M
od

el

G
L 

10
m

g/
kg

G
L 

20
m

g/
kg

G
L 

5m
g/

kg

0

50

100

150

TN
F-
α 

(p
g/

m
l)

∗∗∗ ##
∗∗∗

##
∗∗

###

C
on

tro
l

M
od

el

G
L 

10
m

g/
kg

G
L 

20
m

g/
kg

G
L 

5m
g/

kg

C
on

tro
l

M
od

el

G
L 

10
m

g/
kg

G
L 

20
m

g/
kg

G
L 

5m
g/

kg

0

20

40

60

80

IL
-1
β 

(p
g/

m
l)

(b)

Figure 3: GL exerted anti-inflammatory activity by downregulating the levels of proinflammatory cytokines TNF-α, IL-6, IL-1β, and
HMGB1. ((a) .e expression of TNF-α in the jejunum was detected by immunochemistry. ((b) .e levels of proinflammatory cytokine
TNF-α, IL-6, IL-1β, and HMGB1 in serum were measured by ELISA to assess different doses of GL anti-inflammatory activity. ∗P< 0.05,
∗∗P< 0.01, and ∗∗∗P< 0.001 vs. the control group; #P< 0.05, ##P< 0.01, and ###P< 0.001 vs. the model group.
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Figure 5: Continued.
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consistent with the findings of the studies on murine colitis
and sepsis [36, 37]. In addition, the results showed that the
GL treatment improved the villus height, the villus width,
the crypt depth, and the crypt count, as well as the level of D-
xylose in serum after radiation exposure, which indicates
that GL has a protective effect on intestinal damage caused
by irradiation. However, because the mice were subjected to
the sublethal dose of radiation in the current study, they
rarely died of severe gastrointestinal syndrome within 3.5
days. .us, the study lacks the exploration of the effect of GL
on the survival of mice, indicating a higher dose of radiation
is needed to investigate the effect of GL on the survival of
mice.

As a major member of DAMPs, HMGB1 plays a crucial
role in the immune or inflammatory responses. Once
HMGB1 binds to TLR4, the inflammatory response is ac-
tivated that subsequently induces the expression of cyto-
kines. .us, inhibition of the HMGB1/TLR4 pathway shows
potential anti-inflammatory effects [18]. Furthermore, sev-
eral previous studies have demonstrated that GL signifi-
cantly downregulates the HMGB1/TLR4 pathway [38–40].
.erefore, the expression levels of HMGB1 and TLR4 were
evaluated in our experiments. In our study, the HMGB1/
TLR4 pathway was upregulated in the model group and the
administration of GL significantly inhibited the HMGB1/
TLR4 pathway. .ese results indicate that GL could protect
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GL 5mg/kgControl Model GL 10mg/kg GL 20mg/kg

(c)

TLR4

DAPI

Merge

GL 5mg/kgControl Model GL 10mg/kg GL 20mg/kg
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Figure 5: GL inhibited the expression of HMGB1 and TLR4 in the jejunum by western blotting analysis and immunofluorescence
analysis. (a) Representative western blotting bands of HMGB1 and TLR4 proteins in the jejunum. (b) .e target protein/GAPDH
ratios, including HMGB1/GAPDH and TLR4/GAPDH ratios. (c and d) .e expression and localization of HMGB1 and TLR4 in the
jejunum were analyzed by immunofluorescence. All magnifications: ×200.∗P< 0.05, ∗∗P< 0.01, and ∗∗∗P< 0.001 vs. the control group;
#P< 0.05, ##P< 0.01, and###P< 0.001 and vs. the model group.
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the jejunum against radiation enteritis by regulating the
HMGB1/TLR4 pathway. In addition, intestinal epithelial
cells can produce citrulline, which has been considered as a
negative regulator of TLR4 signal and a sensitive biomarker
for radiation-induced intestinal injury [41, 42]. .ereby,
these suggest that the protective effect of GL against radi-
ation enteritis may be related to the regulation of citrulline.
Meanwhile, we found that the secretion of HMGB1 in ra-
diation enteritis was polarized, and released to the tips of the
villi rather than the basolateral environment. It is possible
due to the fact that TLR4, which functions as a key receptor
for HMGB1, is located on the apical surface of the intestinal
epithelial cells [43].

Furthermore, it must be noted that this preliminary
study presented here, lacks an exploration of other im-
portant factors that mediate radiation enteritis, such as the
destruction of the intestinal epithelial barrier and tight
junction after irradiation exposure [12, 44]. Besides, irra-
diation exposure not only acts as a proinflammatory signal
[5, 45], but also mediates oxidative and nitrative stress to
induce the production of ROS and NOS in the small in-
testine [7, 9, 46, 47]. In addition, GL has been reported to
possess anti-oxidant properties in a recent study [48]. .us,
aside from its anti-inflammatory effects, GL might protect
the jejunum against radiation-induced injury by amelio-
rating oxidative stress, which remains to be further explored
in the future. It is reported that the high level of HMGB1
promotes the migration, invasion, and autophagy of cancer
cells, which was inhibited by GL [49, 50], indicating that GL
may exert an antitumor effect and possibly improve the
efficacy of radiotherapy in the treatment of the tumors.

5. Conclusion

In conclusion, the findings of our study indicate that GL
exerts anti-inflammatory activity by downregulating the
levels of proinflammatory cytokines and alleviates intestinal
damage in mice with radiation enteritis, accompanied by the
downregulation of the HMGB1/TLR4 pathway. .erefore,
GL might be a promising therapeutic agent for the treatment
of radiation enteritis. Although the current study has shown
the initial changes in radiation enteritis and HMGB1/TLR4
signaling after GL treatment, further studies are still needed
to elucidate the underlying mechanisms involved. Moreover,
the study indicates that GL has a protective effect on in-
testinal damage after radiation, but the influence of GL
treatment on the efficacy of radiotherapy in the treatment of
the tumor needs to be evaluated.
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[16] P. Lundbäck, P. Stridh, L. Klevenvall et al., “Characterization
of the inflammatory properties of actively released HMGB1 in
juvenile idiopathic arthritis,” Antioxidants & Redox Signaling,
vol. 24, no. 12, pp. 605–619, 2016.

[17] T. P. Kennedy and S. Nelson, “Hyperoxia, HMGB1, and
ventilator-associated pneumonia,” American Journal of Re-
spiratory Cell and Molecular Biology, vol. 48, no. 3,
pp. 269-270, 2013.

[18] H. Yang and K. J. Tracey, “Targeting HMGB1 in inflamma-
tion,” Biochima et Biophysica Acta (BBA)—Gene Regulatory
Mechanisms, vol. 1799, no. 1–2, pp. 149–156, 2010.

[19] P. R. Vajjhala, T. Ve, A. Bentham, K. J. Stacey, and B. Kobe,
“.e molecular mechanisms of signaling by cooperative as-
sembly formation in innate immunity pathways,” Molecular
Immunology, vol. 86, pp. 23–37, 2017.

[20] X. Sun and H. Zhang, “MiR-451 elevation relieves inflam-
matory pain by suppressing microglial activation-evoked
inflammatory response via targeting TLR4,” Cell and Tissue
Research, vol. 374, no. 3, pp. 487–495, 2018.

[21] X. Qi, L. Qin, R. Du et al., “Lipopolysaccharide upregulated
intestinal epithelial cell expression of Fn14 and activation of
Fn14 signaling amplify intestinal TLR4-mediated inflam-
mation,” Frontiers in Cellular and Infection Microbiology,
vol. 7, p. 315, 2017.

[22] J. Fan, Y. Li, R. M. Levy et al., “Hemorrhagic shock induces
NAD(P)H oxidase activation in neutrophils: role of HMGB1-
TLR4 signaling,” +e Journal of Immunology, vol. 178, no. 10,
pp. 6573–6580, 2007.

[23] Z. Hu, X. Wang, L. Gong, G. Wu, X. Peng, and X. Tang, “Role
of high-mobility group box 1 protein in inflammatory bowel
disease,” Inflammation Research, vol. 64, no. 8, pp. 557–563,
2015.

[24] C. Han, Q. Guan, L. Guo et al., “.e effects andmechanisms of
myeloid differentiation protein 2 on intestinal mucosal per-
meability in mice with chronic colitis,” Journal of Cellular
Physiology, vol. 234, no. 11, pp. 21089–21099, 2019.

[25] T. Utsunomiya, M. Kobayashi, R. B. Pollard, and F. Suzuki,
“Glycyrrhizin, an active component of licorice roots, reduces
morbidity and mortality of mice infected with lethal doses of
influenza virus,” Antimicrobial Agents and Chemotherapy,
vol. 41, no. 3, pp. 551–556, 1997.

[26] H.-L. Wang, Y.-X. Li, Y.-T. Niu et al., “Observing anti-in-
flammatory and anti-nociceptive activities of glycyrrhizin
through regulating COX-2 and pro-inflammatory cytokines
expressions in mice,” Inflammation, vol. 38, no. 6,
pp. 2269–2278, 2015.

[27] K. R. Diener, N. Al-Dasooqi, E. L. Lousberg, and J. D. Hayball,
“.e multifunctional alarmin HMGB1 with roles in the
pathophysiology of sepsis and cancer,” Immunology & Cell
Biology, vol. 91, no. 7, pp. 443–450, 2013.

[28] X. Liu, J. Zhuang, D. Wang et al., “Glycyrrhizin suppresses
inflammation and cell apoptosis by inhibition of HMGB1 via
p38/p-JUK signaling pathway in attenuating intervertebral

disc degeneration,” American Journal of Translational Re-
search, vol. 11, no. 8, pp. 5105–5113, 2019.

[29] L. Liu, Y. Jiang, and J. J. Steinle, “Epac1 and glycyrrhizin both
inhibit HMGB1 levels to reduce diabetes-induced neuronal
and vascular damage in the mouse retina,” Journal of Clinical
Medicine, vol. 8, no. 6, p. 772, 2019.

[30] T. van Rossum, A. G. Vulto, W. C. Hop, and S. W. Schalm,
“Glycyrrhizin-induced reduction of ALT in European patients
with chronic hepatitis C,” +e American Journal of Gastro-
enterology, vol. 96, no. 8, pp. 2432–2437, 2001.

[31] W. Xu, J. Chen, L. Xu, H. Li, and X. Guo, “Acute radiation
enteritis caused by dose-dependent radiation exposure in
dogs: experimental research,” Experimental Biology and
Medicine, vol. 239, no. 12, pp. 1543–1556, 2014.

[32] A. H. Harb, C. Abou Fadel, and A. I. Sharara, “Radiation
enteritis,” Current Gastroenterology Reports, vol. 16, no. 5,
p. 383, 2014.

[33] G. Gong, L. Xiang, and L. Yuan, “Protective effect of gly-
cyrrhizin, a direct HMGB1 inhibitor, on focal cerebral is-
chemia/reperfusion-induced inflammation, oxidative stress,
and apoptosis in rats,” PLoS One, vol. 9, no. 3, Article ID
e89450, 2014.

[34] C. P. Sodhi, H. Jia, Y. Yamaguchi et al., “Intestinal epithelial
TLR-4 activation is required for the development of acute
lung injury after trauma/hemorrhagic shock via the release of
HMGB1 from the gut,” +e Journal of Immunology, vol. 194,
no. 10, pp. 4931–4939, 2015.

[35] S. Liu, D. B. Stolz, P. L. Sappington et al., “HMGB1 is secreted
by immunostimulated enterocytes and contributes to cyto-
mix-induced hyperpermeability of Caco-2 monolayers,”
American Journal of Physiology-Cell Physiology, vol. 290, no. 4,
pp. C990–C999, 2006.

[36] R. Vital, F. Palone, S. Cucchiara et al., “Dipotassium gly-
cyrrhizate inhibits HMGB1-dependent inflammation and
ameliorates colitis in mice,” PLoS One, vol. 8, no. 6, Article ID
e66527, 2013.

[37] F. Zhao, Y. Fang, S. Deng et al., “Glycyrrhizin protects rats
from sepsis by blocking HMGB1 signaling,” BioMed Research
International, vol. 2017, Article ID 9719647, 10 pages, 2017.

[38] G. Yang, L. Zhang, L. Ma et al., “Glycyrrhetinic acid prevents
acetaminophen-induced acute liver injury via the inhibition
of CYP2E1 expression and HMGB1-TLR4 signal activation in
mice,” International Immunopharmacology, vol. 50, pp. 186–
193, 2017.

[39] J. Zhang, Y. Wu, Z. Weng, T. Zhou, T. Feng, and Y. Lin,
“Glycyrrhizin protects brain against ischemia-reperfusion
injury in mice through HMGB1-TLR4-IL-17A signaling
pathway,” Brain Research, vol. 1582, pp. 176–186, 2014.

[40] X. Sun, H. Zeng, Q. Wang et al., “Glycyrrhizin ameliorates
inflammatory pain by inhibiting microglial activation-me-
diated inflammatory response via blockage of the HMGB1-
TLR4-NF-kB pathway,” Experimental Cell Research, vol. 369,
no. 1, pp. 112–119, 2018.

[41] S. W. Ho, H. EI-Nezami, and N. P. Shah, “.e protective
effects of enriched citrulline fermented milk with Lactoba-
cillus helveticus on the intestinal epithelium integrity against
Escherichia coli infection,” Scientific Reports, vol. 10, no. 1,
p. 499, 2020.

[42] K. Bujold, M. Hauer-Jensen, O. Donini et al., “Citrulline as a
biomarker for gastrointestinal-acute radiation syndrome:
species differences and experimental condition effects,” Ra-
diation Research, vol. 186, no. 1, pp. 71–78, 2016.

[43] S. de Kivit, E. van Hoffen, N. Korthagen, J. Garssen, and
L. E. M. Willemsen, “Apical TLR ligation of intestinal

Evidence-Based Complementary and Alternative Medicine 9



epithelial cells drives a .1-polarized regulatory or inflam-
matory type effector response in vitro,” Immunobiology,
vol. 216, no. 4, pp. 518–527, 2011.

[44] Z.Wang,W. I. Yang, A. Jacob et al., “Human ghrelin mitigates
intestinal injury and mortality after whole body irradiation in
rats,” PLoS One, vol. 10, no. 2, Article ID e0118213, 2015.

[45] A. François, F. Milliat, O. Guipaud, and M. Benderitter,
“Inflammation and immunity in radiation damage to the gut
mucosa,” BioMed Research International, vol. 2013, Article ID
123241, 9 pages, 2013.

[46] N. A. Eltahawy, S. M. Elsonbaty, S. Abunour, and
W. E. Zahran, “Synergistic effect of aluminum and ionizing
radiation upon ultrastructure, oxidative stress and apoptotic
alterations in Paneth cells of rat intestine,” Environmental
Science and Pollution Research, vol. 24, no. 7, pp. 6657–6666,
2017.

[47] M. T. Khayyal, D. H. Abdel-Naby, and M. A. El-Ghazaly,
“Propolis extract protects against radiation-induced intestinal
mucositis through anti-apoptotic mechanisms,” Environ-
mental Science and Pollution Research, vol. 26, no. 24,
pp. 24672–24682, 2019.

[48] N. M. Shafik, R. O. El-Esawy, D. A. Mohamed, E. A. Deghidy,
andO. S. El-Deeb, “Regenerative effects of glycyrrhizin and/or
platelet rich plasma on type-II collagen induced arthritis:
targeting autophay machinery markers, inflammation and
oxidative stress,” Archives of Biochemistry and Biophysics,
vol. 675, Article ID 108095, 2019.

[49] X. Wu, W. Wang, Y. Chen et al., “Glycyrrhizin suppresses the
growth of human NSCLC cell line HCC827 by down-
regulating HMGB1 level,” BioMed Research International,
vol. 2018, Article ID 6916797, 7 pages, 2018.

[50] K. M. Livesey, D. Tang, H. J. Zeh et al., “Autophagy inhibition
in combination cancer treatment,” Curr Opin Investig Drugs,
vol. 10, no. 12, pp. 1269–1279, 2009.

10 Evidence-Based Complementary and Alternative Medicine


