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Abstract

High mobility group box1 (HMGB1), as a damage-associated inflammatory factor, contributes to

the pathogenesis of numerous chronic inflammatory and autoimmune diseases. In this study, we

explored the role of HMGB1 in CDI (Clostridium difficile infection) by in vivo and in vitro experi-

ments. Our results showed that HMGB1 might play an important role in the acute inflammatory

responses to C. difficile toxin A (TcdA), affect early inflammatory factors, and induce inflammation

via the HMGB1-TLR4 pathway. Our study provides the essential information for better understand-

ing the molecular mechanisms of CDI and the potential new therapeutic strategies for the treat-

ment of this infection.
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Introduction

The anaerobic Gram-positive bacterial species Clostridium difficile
is the most common cause of nosocomial antibiotic-associated diar-
rhea and pseudomembranous colitis [1]. The recent emergence of
hypervirulent strains has caused a rapid increase in the incidence of
C. difficile infection (CDI) worldwide, along with the development
of more severe forms of the disease [2–4].

CDI is primarily caused by two large proteins, C. difficile toxin A
(TcdA) and C. difficile toxin B (TcdB) with molecular weights of
308 and 270 kDa, respectively. TcdA is traditionally recognized as
an enterotoxin and believed to play a more important role in the
pathogenesis of CDI than TcdB. It causes fluid accumulation and
disrupts the cytoskeleton of intestinal epithelial cells, triggering
intestinal injury and the release of proinflammatory cytokines such
as interleukin (IL)-1β, IL-6, and tumor necrosis factor-α (TNF-α) [5].

High mobility group box1 (HMGB1) is a highly conserved pro-
tein that is ubiquitously expressed in the nucleus and cytoplasm of

cells [6]. It functions as a mediator in both acute and chronic inflam-
matory responses, such as sepsis and arthritis [7,8], and plays a role
in the pathogenesis of atherosclerosis and cancer [9,10]. Recent
studies have suggested that HMGB1 acts as an early mediator in
regulating inflammation and tissue damage in hepatic ischemia-
reperfusion injury [11,12]. After being released from the cell,
extracellular HMGB1 interacts with toll-like receptor 4 (TLR4),
a mediator of innate immune responses, leading to the activation
of signaling cascades and the production of proinflammatory
cytokines [13].

Glycyrrhizin, a natural anti-inflammatory and antiviral triter-
pene, inhibits HMGB1 activity by binding directly to HMGB1 and
interacting with the two HMG boxes without distorting their sec-
ondary structure, which allows it to attenuate HMGB1-induced
inflammation. Therefore, it is regarded as a candidate inhibitor of
the HMGB1-dependent inflammatory axis [14,15]. CLI-095, a small
molecule, which selectively inhibits TLR4 signaling by binding to
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the TLR4 receptor complex, could be a promising therapeutic agent
for the treatment of inflammatory diseases in which the pathogenesis
involves TLR4 [16–18].

In this study, we explored the role of HMGB1 in TcdA-induced
inflammation. The results showed that HMGB1 is an inflammation
factor, which can induce acute inflammation and intestinal injury.
HMGB1 is involved in the acute inflammation induced by TcdA via
HMGB1-TLR4 pathway. Inhibition of HMGB1-TLR4 pathway
alleviates TcdA-induced inflammation and intestinal injury, suggest-
ing that HMGB1 may be a potential therapeutic target for the treat-
ment of CDI.

Materials and Methods

Cell culture and TcdA purification

The murine colon adenocarcinoma cell line CT26, human colon
adenocarcinoma cell line HCT8, and mouse monocyte macrophage
leukemia cell line RAW264.7 were obtained from American Type
Culture Collection (Manassas, USA) and cultured in Dulbecco’s
Modified Eagle’s medium (GIBCO, Carlsbad, USA) containing 10%
fetal bovine serum (GIBCO), 100 U/ml penicillin, 100 μg/ml strepto-
mycin, 2mM L-glutamine and 1mM sodium pyruvate (GIBCO).
The full-length wild-type recombinant TcdA plasmid was kindly
provided by Dr. Feng (University of Maryland at Baltimore,
Baltimore, USA). TcdA was expressed and purified according to the
protocol reported by Sullivan et al. [19]. The highly purified recom-
binant TcdA appeared as a single band on sodium dodecyl sulfate
polyacrylamide gels (data not shown). rHMGB1 was purchased
from Uscn Life Science Inc (Wuhan, China).

Animals

CD1 mice (5- to 6-week-old, female) were purchased from Medical
Experimental Animal Center (Guangzhou, China) and housed in a
dedicated pathogen-free facility according to China Animal Care
and Use Committee guidelines. All animals were handled according
to the Institutional Animal Care guidelines.

Cell rounding assay

CT26 cells were seeded in 96-well plates (1 × 104 cells/well), and
then exposed to TcdA (10 ng/ml) for 4 h or pretreated with 100 μM
glycyrrhizin (30min) before TcdA exposure. Cell rounding was
visualized by phase-contrast microscopy. Each concentration was
tested in triplicate for overall cell rounding, and the experiments
were repeated three times.

Western blot analysis

CT26 cells were treated with TcdA at the concentration of 10 ng/ml,
the culture medium was collected at 0, 4, 8, 12, 16, and 24 h.
Proteins were separated on 12% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoreti-
cally transferred to nitrocellulose filter membranes. The membranes
were blocked with 5% bovine serum albumin. And then the mem-
branes were incubated overnight at 4°C with the indicated primary
antibodies (anti-HMGB1 antibody, 1:1000; Cell Signaling, Beverly,
USA), anti-BSA antibody (1:1000; Santa Cruz, Santa Cruz, USA).
After being washed three times, the membranes were treated with
horseradish peroxidase–conjugated secondary antibodies (1:2000;
Cell Signaling) and the bands were visualized using the enhanced
chemiluminescence kit (Thermo, Rockford, USA).

Mouse ileal loop model

CD1 mice were maintained in a conventional housing unit and
fasted for 8 h before surgery. The HMGB1 inhibitor glycyrrhizin
(50mg/kg; Sigma-Aldrich, St Louis, USA), or TLR4 inhibitor CLI-095
(40 µg/kg; Sigma-Aldrich), was injected intraperitoneally once daily
for 2 days before ileal loop surgery. Pentobarbital anesthesia (90mg/kg)
was injected intraperitoneally. After a midline laparotomy, two
distal 2- to 3-cm ileal loops were ligated and injected with 10 µg
of wild-type TcdA dissolved in 100 µl phosphate buffered saline
(PBS). Control loops were injected with PBS only. After 4 h, the
mice were euthanized, and the ileal loops were removed for subse-
quent analysis. The loop lengths and weights were measured, and
fluid secretion was assessed based on the ratio of loop weight (mg)
to loop length (cm).

Tissue myeloperoxidase assay

Tissue myeloperoxidase (MPO) activity was determined as described
previously [20]. To measure MPO (neutrophil myeloperoxidase)
activity, part of the resected ileum was freeze-dried and homoge-
nized in 1ml of PBS containing 0.5% hexadecyltrimethylammonium
bromide and 5mM EDTA. The tissues were disrupted by sonication
and freeze–thaw cycles. MPO activity in the supernatant was deter-
mined using o-phenylenediamine in a solution containing 0.05%
H2O2 as substrate, followed by measurement of the absorbance of
the samples at 490 nm using a plate reader (Synergy HT; Bio-Tek,
Winooski, USA). MPO activity was expressed as milligram per gram
of tissue.

Hematoxylin and eosin analysis

Histopathological assay was performed to evaluate mucosal damage
induced by the toxins. Resected ileal loops were fixed in 4% formal-
dehyde buffered with PBS and then embedded with paraffin.
Deparaffinized 6-μm-thick sections were stained with hematoxylin
and eosin (H&E) for histological analysis. Briefly, slides were scored
by two independent investigators who were blinded to the study
groups. Histological damage was scored on a 0–3 scale as follows:
absence of inflammation and damage was scored 0, and mild,
moderate, and severe inflammatory were scored 1, 2, and 3,
respectively.

Real-time polymerase chain reaction analysis

Total RNA was extracted from the intestine tissue using an RNeasy
Plus Mini kit (TaKaRa, Dalian, China). The RNA was further trea-
ted with RQ1 RNase-free DNase (TaKaRa) to remove DNA con-
tamination. The purified RNA (1 μg) was reverse transcribed to
obtain cDNA using M-MLV reverse transcriptase (Invitrogen,
Carlsbad, USA) with oligo (dT) for 1 h at 37°C. Then a mastermix
(TaKaRa) of the following components was prepared to the indi-
cated final concentration: 2.5mM MgCl2, 0.2 μM forward primers,
0.2 μM reverse primer, plus 2.0 μl SYBR Green I (TaKaRa). The
mastermix was filled in the capillaries (Bio-Rad, Hercules, USA) and
1 μl cDNA was added as the template. Real-time polymerase chain
reaction (PCR) amplification was performed using the following
conditions for 40 cycles: 95°C for 5 s, 60°C for 30 s, on the
LightCycler (Roche Diagnostics, Indianapolis, USA). For the mathe-
matical model, it is necessary to determine the crossing points for
each transcript. And the primers used in PCR reaction were listed in
Table 1.

555HMGB1 is involved in TcdA inflammation

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/48/6/554/2195063 by guest on 23 April 2024



Immunoprecipitation

The immunoprecipitation was carried out as described previously
[21]. RAW264.7 cells were incubated for the indicated time with the
lysates of TcdA-treated intestinal tissues, which had been pretreated
with glycyrrhizin or PBS, and then were lysed in lysis buffer contain-
ing a protease inhibitor cocktail. Whole-cell extracts were centri-
fuged at 14,000 g for 20min to remove debris. A total of 15 µl
protein A/G plus-agarose beads was added to the mixture followed
by incubation with anti-HMGB1 antibody at 4°C on a rocker plat-
form overnight. Beads were pelleted by centrifugation at 1000 g for
5 min at 4°C, and the pellets were washed three times with 1.0-ml
ice-cold RIPA buffer. Supernatants were discarded and pellets were
resuspended in 20 µl of 2× electrophoresis sample buffer. The sam-
ples were boiled for 5min at 95°C to dissociate the immunocomplex
from the beads. Then, samples were centrifuged at 10,000 g for 2min
to pellet the agarose beads and the supernatant was subject to 12%
SDS-PAGE, followed by western blot analysis with anti-HMGB1
antibody (1:1000; Cell Signaling Technology) and anti-TLR4 anti-
body (1:1000; Abcam, Cambridge, UK).

Intestinal barrier function analysis

HCT8 cells (1 × 104 cells/well) were plated on permeable filters in
12-well Transwell bicameral chambers (Corning Co, Corning,
USA). Permeability studies were performed using confluent mono-
layers between 4 and 7 days after seeding. The permeability probe
was fluorescein isothiocyanate–labeled dextran (4000Da, FD4).
FD4 (0.2 mg/ml) was added into the transwells. After 24 h, the med-
ia was collected to measure the fluorescence value of the samples.

Statistical analysis

Unless indicated, experiments were repeated at least three times.
Data were expressed as the mean ± SEM. Data were analyzed using
Prism v.5.03 (GraphPad Software, San Diego, USA). Statistical sig-
nificance was assessed by one-way analysis of variance (ANOVA)
followed by Turkey’s test, or two-way repeated-measures ANOVA.
P <0.05 was considered as statistically significant.

Results

TcdA exposure induces HMGB1 release from

CT26 cells

The effect of TcdA on CT26 cells was examined by cell rounding
assay. The results showed that TcdA-induced cell rounding in a
dose-dependent manner, with 60% cell rounding observed after
being exposed to 1 ng/ml of TcdA and 100% cell rounding to 10 ng/ml
of TcdA for 4 h (Fig. 1A). To measure HMGB1 secretion in TcdA-
treated cells, CT26 cells were cultured in the presence of 10 ng/ml of
TcdA and the medium was collected at the indicated time. Western
blot analysis showed that HMGB1 was released from the nucleus to
cytoplasm when cells were exposed to TcdA for 4 h (Fig. 1B). And
the content of HMGB1 in medium was increased in a time-dependent
manner after 8 h of exposure (Fig. 1C).

Exogenous rHMGB1 induces inflammation and

intestinal injury

To determine the effect of HMGB1 on acute inflammation,
rHMGB1 (10−12 pg/100 μl) was used to verify tissue damage and
inflammatory in the ‘ileal loop’ surgical model. As shown in Fig. 2A,
the ligated ileal loops showed fluid accumulation and intestinal
injury after rHMGB1 exposure for 4 h. The W/L ratio for the
rHMGB1 group was approximately 170. The W/L ratio in the PBS
group was only 30.

Ileal loop tissues in rHMGB1 treatment group showed increased
MPO activity (Fig. 2B). The MPO value was approximately 200 ng/g.
By contrast, MPO value for the PBS group was as low as 40 ng/g.

Histopathological examination revealed that rHMGB1 may
cause severe damage to the architecture of intestinal villi (Fig. 2C).
The histopathological score of rHMGB1 group was 2.4. By con-
trast, a normal lumen structure was observed for loops in PBS group
and the score was about 0.1.

Table 1. The primer sequences for amplifying the mRNA of

inflammatory factors

Inflammatory
factors

Primer

IL-1β Sense: 5′-CCCCAACTGGTACATCA-3′
Anti-sense: 5′-AGGTAAGTGGTTGCCC-3′

IL-6 Sense: 5′-ATGATGGATGCTACCAAAC-3′
Anti-sense: 5′-AGGCATAACGCACTAGG-3′

TNF-α Sense: 5′-CAGCCTCTTCTCATTCCTGCTTGTG-3′
Anti-sense: 5′-CTGGAAGACTCCTCCCAGGTATAT-3′

KC Sense: 5′-GAGCCTCTAACCAGTTCC-3′
Anti-sense: 5′-TCCACGACATACTCAGCAC-3′

Figure 1. TcdA induces the release of HMGB1 from CT26 cells (A) CT26 cells were treated with different concentrations of TcdA for 4 h, and the rate of cell

rounding was calculated. (B) After CT26 cells were exposed to 10 ng/ml of TcdA for the indicated times, the cell lysates were collected. The HMGB1 levels in the

cytoplasm were detected by western blot analysis. (C) CT26 cells were exposed to 10 ng/ml of TcdA for the indicated time intervals, and HMGB1 levels in the

culture medium were detected by western blot analysis using BSA as a loading control.
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The mRNA expressions of proinflammatory cytokine genes
(TNF-α, IL-1β, IL-6, KC) were evaluated in the ileal segments by
real-time PCR. As shown in Fig. 2D, the expression levels of cyto-
kines in the TcdA exposure group were significantly increased. And
the cytokine expressions in the rHMGB1 group were not signifi-
cantly different from those in the TcdA group.

Glycyrrhizin alleviates HMGB1-induced acute

inflammation and intestinal injury

As shown in Fig. 3A, the ligated ileal loops showed fluid accumulation
after exposure to 10−12 pg/100 μl of rHMGB1 for 4–6 h. However
the mixture of glycyrrhizin (100mM) and rHMGB1 (10−12 pg/100 μl)
could reduce fluid accumulation. The W/L ratio of rHMGB1 group
was approximately 170, whereas the W/L ratio of mixture group
decreased to 40, which was similar to that of PBS group. An increased
MPO value (about 220 ng/g) was observed in rHMGB1 group
(Fig. 3B). Neutrophil influx was confirmed by a substantial decrease
in MPO activity in the mixture group, with an 80% decrease down to
40 ng/g. By contrast, MPO value for both the glycyrrhizin group and
PBS only group was approximately 40 ng/g.

Histopathological examination revealed that exposure to
rHMGB1 may cause severe damage to epithelia (Fig. 3C).
Histopathological score of rHMGB1 group was 2.4. By contrast, a
normal lumen structure was observed for loops treated with the

mixture of rHMGB1 and glycyrrhizin, similar to that of the PBS
group with a score of about 0.1.

Quantitative mRNA analysis of proinflammatory cytokines
(TNF-α, IL-1β, IL-6, and KC) revealed that rHMGB1 stimulated the
expression of cytokines in ileal segments, in contrast to that of the
PBS group. No significant difference was observed between the gly-
cyrrhizin group and the HMGB1 + glycyrrhizin mixture group
(Fig. 3D). The expressions of cytokines in the HMGB1 + glycyrrhizin
mixture group were decreased to normal level, which is similar to
those in PBS group.

Glycyrrhizin pretreatment affects TcdA-induced

intestinal inflammation and tissue damage

in the murine ileum

HMGB1 is released from cells exposed to TcdA and further induces
acute inflammation in intestinal tissue (Fig. 3). So we pretreated the
cells separated from intestinal tissues with glycyrrhizin prior to
TcdA exposure to inhibit the activity of the subsequently secreted
HMGB1, and further observed the relationship between HMGB1
and TcdA-induced inflammation. As shown in Fig. 4A, the ligated
ileal loops induced serious swelling and increased fluid accumulation
after 4 h of treatment with 10 μg TcdA, compared with glycyrrhizin
pretreatment group. The W/L value of glycyrrhizin pretreatment
group was significantly decreased by more than 80% to about 30,

Figure 2. Effects of HMGB1 on mouse ligated ileal loops rHMGB1, PBS, or TcdA was injected into the ligated ileal loops, then mice were sacrificed and the ileal

loops were collected for subsequent analysis. (A) Intestinal fluid accumulation was quantified by the loop weight (mg) to length (cm) ratio. Representative loops

are shown. (B) Intestinal tissue from loops injected with rHMGB1 or TcdA was homogenized, and MPO activity was calculated from a standard curve generated

using the purified MPO. (C) H&E staining and mean histology scores (range 0–3) of sections of TcdA- or HMGB1-treated ilea. (D) mRNA expressions of IL-1β,
IL-6, TNF-α, and KC were evaluated in the ileal segments by real-time PCR. GAPDH was used as the loading control. Data represent the mean of three indepen-

dent experiments. ***P < 0.001.
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compared with that of the TcdA control, which is 175. By contrast,
without TcdA exposure, the glycyrrhizin or PBS group’s W/L value
was approximately 30.

The MPO activity of TcdA group was significantly increased to
about 230 ng/g, indicating that TcdA may induce the influx of neutro-
phils (Fig. 4B). However, in the glycyrrhizin pretreatment group, the
MPO value was decreased to 60 ng/g, whereas the value in the glycyr-
rhizin group or PBS only group was approximately 20 ng/g (Fig. 4B).

Moreover, the glycyrrhizin pretreatment group showed a normal
lumen structure of loops. Histopathological score of TcdA group
and glycyrrhizin pretreatment group was about 2.3 and 0.8, respec-
tively (Fig. 4C).

Finally, the mRNA level of proinflammatory cytokines including
TNF-α, IL-1β, IL-6, and KC were evaluated in the ileal segments by
real-time PCR. As shown in Fig. 4D, the expression levels of cyto-
kines in the TcdA exposure group were significantly increased. And
cytokine expressions in the glycyrrhizin pretreatment group were
decreased to normal levels.

Glycyrrhizin inhibits the activity of HMGB1 in intestinal

tissues in vivo and in vitro
In order to investigate the involvement of HMGB1 in TcdA-induced
tissue damage, both in vitro and in vivo experiments were designed.

First, HCT8 colonic monolayer was used to verify the results
in vitro. As shown in Fig. 5A, confluent HCT8 monolayers were
incubated for 24 h with TcdA or rHMGB1. rHMGB1 increased the
permeability of HCT8 monolayer, which was demonstrated by FD4
increase. A similar pattern was observed when monolayers were
incubated with TcdA. But after pretreatment with glycyrrhizin, the
permeability of monolayers remained unchanged. And the same
result was observed in the HMGB1 + glycyrrhizin mixture group.

Next, the ileal loops were used to explore HMGB1 in TcdA-
induced tissue damage in vivo. The concentration of HMGB1 in the
whole intestinal tissue (ileum loop tissue) remained constant in TcdA,
PBS, TcdA + glycyrrhizin, and PBS+glycyrrhizin groups (Fig. 5B). It
was found that treatment with glycyrrhizin could not reduce concen-
tration of HMGB1 in tissue. But in tissue cells, the secretion of
HMGB1 from nuclear into cytoplasm in the TcdA treatment group
was increased compared with that in the PBS group (Fig. 5C).

Then, immunoprecipitation was used to detect the activity of
HMGB1 in intestinal tissue. The amount of HMGB1 and TLR4
complex indicated HMGB1 activity. As shown in Fig. 5D, western
blot assay revealed that amount of HMGB1 and TLR4 complex in
glycyrrhizin pretreatment group was significantly lower than that in
PBS group. It is supposed that glycyrrhizin may bind to the secreted
HMGB1, which competitively inhibits the binding of HMGB1 to
TLR4.

Figure 3. Glycyrrhizin alleviates HMGB1-induced enterotoxicity rHMGB1, glycyrrhizin, or rHMGB1 combined with glycyrrhizin was injected into the ligated

ileal loops, then mice were sacrificed and the ileal loops were collected for subsequent analysis. (A) Intestinal fluid accumulation was quantified by the loop

weight (mg) to length (cm) ratio. Representative loops are shown. (B) Intestinal tissue from loops injected with HMGB1 or glycyrrhizin was homogenized and

MPO activity was calculated from a standard curve generated using the purified MPO. (C) H&E staining and mean histology scores (range 0–3) of sections of

glycyrrhizin- or HMGB1-treated ilea. (D) mRNA expressions of IL-1β, IL-6, TNF-α, and KC in ileal tissues treated as indicated were measured by real-time PCR.

GAPDH was used as the loading control. Data represent the mean of three independent experiments. ***P < 0.001.
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Effect of TLR4 inhibitor on HMGB1-induced

enterotoxicity

Further experiments were carried out to investigate if TLR4 inhibi-
tor CLI-095 could alleviate HMGB1-induced acute inflammation
and intestinal injury. As shown in Fig. 6A, significant differences
were found between the TLR4 inhibitor pretreatment group and the
control group. The W/L value in the CLI-095 pretreated group was
30, <80% of that in TcdA group. Figure 6B showed that the influx
of neutrophils was decreased significantly in CLI-095 group com-
pared with that in the TcdA group with an MPO value of approxi-
mately 40 ng/g, while the MPO value in TcdA group was
approximately 200 ng/g (Fig. 6B). The Histological score of TcdA
group was 2.2, while the score of the CLI-095 pretreated group was
0.6 (Fig. 6C). The exogenous rHMGB1 was also used in the same
experiments, CLI-095 treatment before exogenous rHMGB1 expo-
sure also alleviated HMGB1-induced inflammation (data not show).

Discussion

The incidence of CDI-associated mortality has increased rapidly in
recent years [19]; however, the molecular mechanisms underlying
the pathogenesis of CDI remain unclear. In this study, we found that

HMGB1, an inflammatory factor, played an important role in the
acute inflammatory response to TcdA, affecting early-acting proin-
flammatory cytokines via the HMGB1-TLR4 pathway. These results
could provide essential information for better understanding the
molecular mechanisms of CDI and explore the potential new thera-
peutic strategies for the treatment of this infection.

Early studies have shown that HMGB1 is released from intest-
inal and involved in toxin-induced inflammation [20,22]. In this
study, we found that HMGB1 was released from the nucleus to the
cytoplasm after 4 h of TcdA exposure, then from cytoplasm to cul-
ture medium after 8 h of TcdA exposure. Glycyrrhizin can attenuate
the activity of HMGB1. Our results showed that glycyrrhizin pre-
treatment delayed the onset of TcdA-induced cell rounding (data not
shown). These results imply that HMGB1 is probably involved in
the cytotoxic and cytopathic effects of TcdA.

The ‘ileal loop’ surgical model is a well-established model for
analyzing acute tissue damage and inflammatory responses to TcdA
and evaluating therapeutic approaches in vivo, as well as for the
characterization of enterotoxins [5,16]. In this study, this model was
adopted and the results showed that HMGB1 plays a critical role in
the activation of inflammation. In addition to up-regulating MPO
and cytokine expression, and damaging the architecture of intestinal
villi (Fig. 2), rHMGB1 also significantly induced neutrophil

Figure 4. Effect of glycyrrhizin pre-treatment on TcdA-induced enterotoxicity Mice were pretreated with glycyrrhizin for 2 days before the operation. Wild-type

TcdA or vehicle control (PBS) was injected into ligated ileal loops, then mice were sacrificed and the ileal loops were collected for subsequent analysis. (A)

Intestinal fluid accumulation was quantified by the loop weight (mg) to length (cm) ratio. Representative loops injected with PBS or TcdA are shown. (B)

Intestinal tissue from loops injected with PBS or TcdA was homogenized and MPO activity was calculated from a standard curve generated using the purified

MPO. (C) H&E staining of the sections and mean histology scores (range 0–3) of sections from PBS- or toxin-treated ilea. (D) mRNA expressions of IL-1β, IL-6,
TNF-α, and KC in ileal tissues after PBS or toxin treatment were measured by real-time PCR. GAPDH was used as the loading control. Data represent the mean

of three independent experiments. ***P < 0.0001.
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Figure 5. HMGB1 concentration and activity in intestinal tissues (A) Effect of HMGB1 or TcdA on HCT8 permeability. (B) Mice were pretreated with glycyrrhizin

for 2 days before the operation. The ileal loop tissues were removed from mice after toxin A or PBS treatment for 4 h. Tissues were lysed and diluted to different

concentrations before measurement of HMGB1 by ELISA. (C) HMGB1 levels in the cytoplasm were detect by western blot analysis. (D) RAW264.7 cells were

incubated with intestinal cell lysates, and HMGB1 was detected by western blot analysis after immunoprecipitation using an antibody against TLR4.

Representative blots and densitometric analysis are shown. Data represent of a typical experiment out of three independent experiments. ***P < 0.001.

Figure 6. Effect of TLR4 inhibition on HMGB1-induced enterotoxicity Mice were pretreated with the TLR4 inhibitor CLI-095 for 2 days before the operation.

rHMGB1 or PBS was injected into ligated ileal loops, the mice were sacrificed, and the ileal loops were collected for subsequent analysis. (A) Intestinal fluid

accumulation was quantified by the loop weight (mg) to length (cm) ratio. Representative loops are shown. (B) Intestinal tissue from loops injected with HMGB1

or PBS was homogenized and MPO activity was calculated from a standard curve generated using the purified MPO. (C) H&E staining and mean histology

scores (range 0–3) of sections of PBS- or CLI-095-treated ilea. ***P < 0.001.
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accumulation and aggravated the severity of edema, which is similar
to the effect of the toxin A.

HMGB1 has key functions within the nucleus: it stabilizes the
nucleosome structure and facilitates intracellular gene transcription
[22,23]. HMGB1 release massively into the extra-cellular environ-
ment when cell dying, and extra-cellular HMGB1 acts as a chemo-
attractant and takes cytokine like function for inflammatory [23].
HMGB1 is a cytokine capable of inducing alterations in intestinal
barrier function both in vitro and in vivo [24]. Our results suggested
that HMGB1 has an impact on intestinal epithelial barrier function
(Fig. 5A). Inhibition of HMGB1 could lead to reduction of the
expressions of proinflammatory cytokines (Fig. 3D), suggesting that
HMGB1 may be an important inflammation factor involved in CDI.

The interaction between HMGB1 and TLR4 leads to increased
production and secretion of cytokines in macrophages and neutro-
phils [25,26]. Our results indicated that glycyrrhizin could prevent
HMGB1 from binding to TLR4 (Fig. 5D), and down-regulate the
expressions of the cytokines (data not shown), suggesting that the
binding of HMGB1 to TLR4 may be closely related to inflammation
and tissue damage, and TLR4 is required to initiate an appropriate
innate immune response to C. difficile in an infection model.
Figure 6 further showed that HMGB1 may function as a mediator
in TcdA-induced response through the HMGB1-TLR4 pathway.
TLR4 inhibitor CLI-095 was found to alleviate HMGB1-induced
acute inflammation and intestinal injury.

Ryan et al. [27] showed that the TLR4-/- mice were more suscep-
tible to an active CDI, suggesting that the toxin exposure models
may not reflect the pathophysiology of an active CDI. The role
played by TLR4 in pathophysiology in human models needs to be
further explored in future.

TcdA was found to induce caspase-3/7 activation when the toxin
was applied at the concentration of 100 nM [22]. We also demon-
strated that TcdA-induced tumor death was an apoptosis process,
while pretreatment with caspase inhibitor Z-VAD-fmk effectively
inhibited CT26 tumor death (Supplementary Fig. S1).

In summary, this study provides further evidence that HMGB1
plays a part in acute inflammatory response to TcdA, and plays an
important role in acute inflammatory. Our findings provide insight
into the molecular mechanisms underlying the pathogenesis of CDI
and useful information for the design of novel therapeutic strategies
for the treatment of TcdA-induced acute inflammation and intestinal
injury.

Supplementary Data

Supplementary data is available at ABBS online.
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