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Abstract: We hypothesized whether systemic administration of high-molecular-weight hyaluronic acid (HMW HA)
could rescue trinitrobenzene sulfonic acid (TNBS)-induced colitis through Toll-like receptor 4 (TLR4) signal. C3H/HeN
mice and C3H/HedJ mice were used. Mice were divided into four groups: control, 50% ethanol treatment group, TNBS
treatment group, and TNBS plus HA treatment group. The weight changes, clinical scores, macroscopic scores, and
histological scores were recorded. Cyclooxygenase 2 (Cox-2) and prostaglandin E, (PGE;) expressions were meas-
ured both in colons and peritoneal macrophages from these mice. HA was a rescue therapy for the colitis induced by
TNBS only in C3H/HeN mice. The clinical score, macroscopic score, and histological score were much lower in
C3H/HeN mice receiving TNBS plus HA treatment. Cox-2 and PGE, expressions only increased in C3H/HeN mice.
These Cox-2 expressing cells were macrophages. HA can also promote the production of Cox-2 and PGE; in peri-
toneal macrophages from C3H/HeN mice. Our data demonstrated that HMW HA can rescue TNBS-induced colitis
through inducing Cox-2 and PGE; expressions in a TLR4-dependent way. Macrophages may be the effector cells of

HMW HA.
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1 Introduction

Hyaluronic acid (HA), an important component
of the extracellular matrix, is composed of repeating
disaccharide units containing alternating D-glucuronic
acid and N-acetyl glucosamine. Two kinds of HA
have been found: high-molecular-weight (HMW HA,
>500 kDa) and low-molecular-weight (LMW HA,
<500 kDa) (Spicer and McDonald, 1998; Itano et al.,
1999). These two kinds of HA have different func-
tions. LMW HA exists mainly in the inflammatory
conditions (Horton et al., 1998). It can act as an in-
tracellular signaling molecule and enhance produc-
tions of many cytokines, such as interleukin-8 (IL-8)
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(Bai et al., 2005; Mascarenhas et al., 2004; Boodoo et
al., 2006). HMW HA exists predominantly in the
physiological conditions and maintains the structural
integrity of the extracellular matrix. It has been shown
to be protective in many inflammation models in-
cluding acute liver injury, bleomycin-induced lung
injury, and sepsis-induced lung injury, etc. (Jiang et
al., 2005; Liu et al., 2008).

Studies showed that HA may play an important
role in inflammatory bowel disease. HA expression
increased in inflamed tissue sections from patients
with ulcerative colitis or Crohn’s disease compared to
non-inflamed and less inflamed areas (de la Motte et
al., 1999). Majors et al. (2003) incubated human
colonic smooth muscle cells with dextran sulfate
sodium (DSS) in vitro, and the results showed that the
production of HA in smooth muscle cells increased
after DSS stimulation. In a genetic model of ileitis
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in which tumor necrosis factor (TNF)-a is over-
expressed, the production of HA also significantly
increased (Collins et al., 2008).

Toll like receptors (TLRs) are widely distributed
in the gastrointestinal tract. For example, TLR4 and
myeloid differential protein-2 (MD-2) are highly
expressed in the normal colonic epithelium (Janeway
and Medzhitov, 1999). A deficiency in TLR4 and
Myd88 leads to more severe symptoms in DSS colitis
model, which suggests that TLR4 is important in
colonic defence response. HA is one of the endoge-
nous receptors of TLR4. HA binding to TLR4 can
promote the protective component of the host re-
sponse in sterile skin and lung injury models (Jiang et
al., 2005; Taylor et al., 2007). Whether HA can work
through TLR4 to participate in the host response to
gastrointestinal injury is not widely explored. In this
paper, we used C3H/HeN and C3H/HelJ mice to con-
firm this hypothesis. These two substrains are similar
genetically, but there is a spontaneous mutation in
C3H/HelJ mice at lipopolysaccharide response locus
(mutation in TLR4 gene, Tlr4lps).

2 Materials and methods
2.1 Animals

Adult (6 weeks old) female C3H/HeN and
C3H/HeJ mice were bought from Charles River
Laboratories (Wilmington, MA, USA) and Jackson
Laboratories (Bar Harbor, ME, USA), separately. All
mice were fed standard laboratory food and tap water
ad libitum. All the experimental procedures affecting
the mice were approved by the Animal Studies
Committee of West China Hospital of Sichuan Uni-
versity, China.

2.2 Experimental protocol

The colitis was induced by trinitrobenzene sul-
fonic acid (TNBS) as previously described (Fukata et
al., 2006). Briefly, 25 mg/ml TNBS solution (100 pl)
in 50% (v/v) ethanol was administrated into the colon
via a thin round-tip needle equipped with a 1-ml sy-
ringe. The needle was inserted so that the tip was 4 cm
proximal to the anal verge. Mice were held in a ver-
tical position for 30 s after the injection.

All the mice were weighed and randomized into
four groups: control, 50% ethanol treatment, TNBS

plus HA treatment, and TNBS plus phosphate-
buffered saline (PBS) treatment. Control mice re-
ceived 0.1 ml of saline using the same technique. For
mice treated with TNBS plus HA (30 mg/kg), HA was
given by intraperitoneal injection at 2 h, 3 d, and 5 d
after beginning the TNBS treatment. For mice receiv-
ing TNBS plus PBS treatment, PBS was given by in-
traperitoneal injection at the same time as HA injection.
The weight changes were recorded at 1, 3, 5, and 7 d
after TNBS treatment. Mice were sacrificed at 7 d after
TNBS administration. At least eight mice were used
for each group. The clinical-grade HMW HA (M,
2x10° kDa; Healon) was from Physician Sales and
Service (St. Louis, MO, USA).

Clinical severity was scored based on the fol-
lowing standards: (1) appearance of diarrhea, (2) signs
of fecal blood (macroscopic signs of fecal blood), and
(3) perfuse bleeding from anus.

Colons were cut longitudinally and the macro-
scopic damage score was assessed following Majors
et al. (2003): 0, no damage; 1, localized hyperemia
without ulceration; 2, linear ulceration without sig-
nificant inflammation; 3, linear ulceration with in-
flammation in one site; 4, two or more major sites of
inflammation and ulceration extending 1 cm; 5-8, one
point added for each centimeter of ulceration beyond
an initial 2 cm.

2.3 Histological assessment of colitis

After opening the colons, a 2-cm segment of the
distal colon was fixed in 40 g/L formalin and em-
bedded in paraffin. Hematoxylin and eosin (H & E)-
stained sections were evaluated by an expert gastro-
intestinal tract pathologist who was blinded to the
treatment. Each sample was scored according to La-
hat et al. (2007) with slight modification: percentage
of area involved, crypt loss, erosions, number of fol-
licle aggregates, edema, and infiltration of mononu-
clear and polymorphonuclear cells (Table 1).

2.4 TIsolation of peritoneal macrophages

Ice-cold PBS was injected into the peritoneal
cavity of each mouse. This fluid was carefully col-
lected and centrifuged at 1000 r/min for 10 min. The
supernatant was then withdrawn, and the cell pellet
was resuspended in RPMI 1640 medium to obtain
10° cells/ml. The cells were allowed to adhere for
3 h, and then washed three times with pre-warmed
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Table 1 Histological scoring system”
Scoring (0-20)

Parameter

: Normal
: <10%
1 10%

Percentage of area involved, 0
1
2
3: 10%-15%
4
0
1

crypt loss

: 15%-50%
: Intact epithelium

Erosions

: Involvement of the
lamina propria

: Involvement of the
submucosa

: Transmural ulceration

[\

infiltration of mononuclear and - Weak
polymorphonuclear cells - Moderate

3: Severe
" Lahat et al. (2007) with slight modification

3

No. of follicle aggregates, edema, 0: Absent
1
2

PBS to remove nonadherent cells. The medium was
then replaced with fresh RPMI 1640 medium supple-
mented with 10% (v/v) fetal bovine serum. A total of
2x10° to 3x10° cells were obtained from each mouse.

2.5 Immunofluorescent analysis for double staining

Horseradish peroxidase (HRP)-catalyzing im-
munohistochemical staining method was used as
described as our previous study (Zhang et al., 2010).
Non-specific bindings were blocked with 3% bovine
serum albumin (BSA) and avidin-biotin blocking kit
(Vector). Antigen retrieval was performed by im-
mersing the slides in 10 mmol/L citrate buffer for
15 min in microwave. Primary antibodies included
mouse monoclonal anti-cyclooxygenase 2 (anti-Cox-2)
(BD Pharmingen; 1:50), rat anti-mouse F4/80 (for
macrophage staining, AbD Serotec, Raleigh, NC;
1:50), rabbit monoclonal anti-TLR4 (Santa Cruz;
1:100), and goat anti-mouse macrophage inflamma-
tory protein (MIP)-2 (R & D Systems, Minneapolis,
MN; 1:100). Secondary antibodies included Cy3-
labeled donkey anti-rat IgG (Jackson ImmunoRe-
search; 1:500), fluorescein isothiocyanate (FITC)-
labeled goat anti-mouse (Jackson ImmunoResearch;
1:200), and FITC-labeled donkey anti-S-rabbit/goat
IgG (Jackson ImmunoResearch; 1:250).

For hyaluronan staining, distal colon sections
were stained with biotinylated hyaluronan-binding
proteins (North Star; 1:100) and then detected with
Alexa Fluor” 488 conjugate streptavidin (Invitrogen;
1:500).

2.6 Western blot analysis

Proteins were extracted from the colon via ho-
mogenization in ice-cold lysis buffer. The concentra-
tions were measured using the bicinchoninic acid
(BCA) protein assay kit (Pierce, Rockford, IL, USA).
Protein samples were separated on 7.5% sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene di-
fluoride membranes. Then the membranes were in-
cubated with the primary antibody (mouse Cox-2,
Cayman Chemical; 1:600) overnight at 4 °C, followed
by the secondary antibodies (HRP-conjugated donkey
anti-mouse/rabbit immunoglobulin; Amersham, GE
Healthcare; 1:3000) at 24 °C for 1 h. The blots were
detected by an enhanced chemiluminescence (ECL)
system (Amersham, GE Healthcare, UK). Bands were
scanned and semi-quantified by densitometry.

2.7 Prostaglandin E, assay

Prostaglandin E, (PGE;) concentration was
measured by enzyme-linked immunosorbent assay
(ELISA) using a PGE, kit (Cayman Chemical) ac-
cording to the manufacturer’s directions. Triplicate
aliquots of supernatant were measured for each
sample.

2.8 Statistic analysis

All the data were expressed as meantstandard
deviation (SD). The difference between groups was
analyzed by Student’s #-test. All the calculations were
performed using Microsoft Excel 2003.

3 Results
3.1 HA expression only increased in C3H/HeN mice

HA expression was located in the lamina propria.
After TNBS administration for 7 d, HA expression
increased only in C3H/HeN mice, while no change
was observed in C3H/HeJ mice (Fig. 1).

3.2 HA rescued the colitis induced by TNBS only
in C3H/HeN mice

TNBS-treated mice developed a severe illness
characterized by diarrhea, hematochezia, and weight
loss. The mortality in mice only receiving TNBS was
as high as 40%, while the mortality was 0% in
the other three groups. TNBS administration in
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Control TNBS Control TNBS
C3H/HeN mice C3H/HeJ mice

Fig. 1 HA expression in C3H/HeN and C3H/HeJ mice
After TNBS administration for 7 d, HA expression increased in C3H/HeN mice, but did not change in C3H/HeJ mice
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Fig. 2 Effect of HA on TNBS colitis in C3H/HeN and C3H/HeJ mice

(a, b) Body weight. HA maintained the body weight in C3H/HeN mice (a), but not in C3H/HeJ mice (b). (c, d) Clinical
score. The clinical score was decreased by HA in C3H/HeN mice (c), but not in C3H/HeJ mice (d). (e, f) Macroscopic
damage score. The macroscopic damage score was decreased by HA in C3H/HeN mice (e), but not in C3H/HeJ mice ().
(g, h) Histological score. The histological score was much lower in C3H/HeN mice (g) receiving HA administration, but
remained unchanged in C3H/HeJ mice receiving HA (h). (i, j) Microscopic view of the colon. HA can alleviate the damage
caused by TNBS only in C3H/HeN mice (i), not in C3H/HeJ mice (j). E: 50% ethanol; TNBS+HA: TNBS plus HA;
* P<0.05, TNBS plus HA group compared to TNBS group



716 Chen et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2011 12(9):712-719

C3H/HeN mice resulted in a 12% loss of body
weight over 7 d, whereas C3H/HeN mice receiving
TNBS plus HA maintained their weight. There was
no difference in body weight between TNBS and
TNBS plus HA groups in C3H/HelJ mice (Figs. 2a
and 2b).

The severity of colitis was decreased by HA in
C3H/HeN mice. Seven days after TNBS or TNBS
plus HA administration, the clinical score and the
macroscopic damage score were much lower in
TNBS plus HA treatment group (2.8+0.4 vs. 1.3£0.5;
4.2+1.2 vs. 2.2£1.3; P<0.05; Figs. 2¢ and 2e). Mi-
croscopic examination showed hyperemia, inflam-
mation, and ulcer in mice receiving TNBS admini-
stration. The histological score was much lower in
TNBS plus HA treatment group (9.5£1.5 vs. 4.5+1.1,
P<0.05; Figs. 2i and 2g).

There were no differences in the clinical score,
macroscopic damage score, or histological score
between TNBS and TNBS plus HA groups in
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C3H/Hel mice 7 d after administration (3.6+0.8 vs.
3.440.6; 4.2+1.2 vs. 4.1£1.3; 11.2+2.1 vs. 10.6+1.9;
P>0.05; Figs. 2d, 2f, 2h, and 2j).

3.3 Cox-2 and PGE, expressions only increased in
C3H/HeN mice

In C3H/HeN mice receiving TNBS plus HA
treatment, the expression of PGE, significantly in-
creased compared to mice receiving TNBS admini-
stration ((423+35) pg/ml vs. (250+26) pg/ml, P<0.05,
Fig. 3a). On the contrary, the expression of PGE,
was not affected by HA administration in C3H/Hel
mice (Fig. 3b). Cox-2 expression increased approxi-
mately three-fold in the distal colon in C3H/HeN
mice, but remained unchanged in C3H/HeJ mice after
TNBS plus HA treatment (Fig. 3c). These Cox-2
expressing cells were located in the lamina propria.
Most of them were double stained with macrophages
(Fig. 3d). The latter also expressed TLR4 and MIP-2
(Figs. 3e and 3f).

Red: F4/80

Merge

Red: F4/80 Merge

Red: F4/80

Fig. 3 Cox-2 and PGE, expressions in C3H/HeN and C3H/HeJ mice
(a, b) PGE, expression significantly increased in C3H/HeN mice (a), but not in C3H/HeJ mice (b); (c) Cox-2 expression
increased three times in C3H/HeN mice, but not in C3H/HeJ mice; (d) Most of the Cox-2 expressing cells were macro-
phages (F4/80); (e) Most of the macrophages expressed TLR4; (f) All of the macrophages expressed MIP-2. E: 50%
ethanol; TNBS+HA: TNBS plus HA. * P<0.05, TNBS plus HA group compared to TNBS group
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3.4 HA increased Cox-2 and PGE, expressions in
peritoneal macrophages

Incubation of C3H/HeN mice peritoneal macro-
phages with HA (100 g/ml) induced two- to three-fold
increases in Cox-2 and PGE, expressions (Fig. 4).
These increases were not seen in peritoneal macro-
phages from C3H/HeJ mice.
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Fig. 4 Effect of HA on Cox-2 and PGE, expressions in
peritoneal macrophages of C3H/HeN and C3H/HeJ mice
(a) Cox-2 expression increased about three times in C3H/
HeN mice peritoneal macrophages, but not in C3H/Hel
mice; (b) PGE, expression increased about two times in
C3H/HeN mice peritoneal macrophages. HeN: C3H/HeN
mice; HelJ: C3H/HeN mice. HeN+HA: C3H/HeN mice
treated with HA. HeJ+HA: C3H/HeJ mice treated with HA.
* P<0.05, HA group compared to control group

4 Discussion

Our results showed that HMW HA can rescue
TNBS-induced colitis, and this protective effect oc-
curred only in C3H/HeN mice. This result is consis-
tent with the study of Zheng et al. (2009). Their study
showed HA can rescue DSS colitis in wild type mice,
but not in TLR4™™~ mice. These data suggested HA
may work through TLR4 signal to participate in the
host response to gastrointestinal injury.

Except highly conserved pathogen-associated
molecular patterns (PAMPs), TLRs also act to some
endogenous molecules, such as heat shock proteins,
which are capable of signaling the presence of danger

to surrounding cells and tissues (Deng ef al., 2007;
Foldes et al., 2008; Zhang et al., 2005). Studies have
showed that HA is one of the endogenous receptors of
TLR4. HMW HA can reduce bleomycin-induced
apoptosis in alveolar epithelial cells from wild type
mice and the protective effect was not seen in
TLR4™"™ mice (Jiang et al., 2005). Using TLR4-
specific small interfering RNA (siRNA), the expres-
sions of matrix metalloprotease 2 (MMP2) and IL-8
induced by HA were blocked (Wallet et al., 2010).
Taylor et al. (2007) also found that recognition of
hyaluronan released in sterile injury involves a unique
receptor complex dependent on TLR4, CD44, and
MD-2. These results showed that the interaction be-
tween TLR4 and HA may be crucial in host defense
against noninfectious injury.

The expression of HA increased not only in pa-
tients with DSS colitis but also in patients with in-
flammatory bowel disease (Majors et al., 2003). Our
results showed HA expression also increased in
TNBS colitis and this occurred only in C3H/HeN
mice, which suggested that the expression of en-
dogenous HA also relied on TLR4 signaling. There
may be a positive feedback between endogenous HA
expression and TLR4 signaling. The consequence is
most likely related to the interaction of the repair
process and the mobilization of antimicrobial defense
at the site of tissue disruption.

The protective effect of HWM HA has been
confirmed in many inflammatory diseases, such as
emphysema, acute liver injury, and bleomycin-
induced lung injury (Potubinska et al., 2000; Bre-
borowicz et al., 2001; Jiang et al., 2005). The
anti-inflammatory activity of HA is not well under-
stood. It depends not only on direct interaction with
inflammatory cells, but also on the physical properties
of the molecule itself. It can decrease many cytokines
production, such as TNF-a and Interferon-y (IFN-y)
(Wang C.T. et al., 2006). Our study showed that after
HMW HA injection, the expressions of Cox-2 and
PGE; in colon mucosa increased only in C3H/HeN
mice. This may suggest that HMW HA may work
through Cox-2 and PGE,; production to protect the
colon from injury. Cox-2 and PGE, are very impor-
tant for mucosa protection. Deficiency in Cox-2 re-
sults in the colitis induced by DSS becoming more
severe. PGE, can increase the blood flow and activate
the epidermal growth factor receptor. Supplementation
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of PGE; in TLR4™™ mice resulted in improvement in
clinical signs of colitis (Fukata et al., 20006).

Our results showed that Cox-2 expressing cells
were double stained with macrophages and most of
macrophages were TLR4 expressing cells. We also
isolated peritoneal macrophages and found that HA
can promote the production of Cox-2 and PGE; in
C3H/HeN mice macrophages. These data suggested
that macrophages may be the effector cells of HMW
HA. The interaction between HA and macrophage has
been confirmed in many studies. For example, HA
fragments can induce the expression of many
chemokines in macrophages, such as the T helper 1
(TH1) cytokine IL-12p70 (Wang M.J. et al., 2006;
Wallet et al., 2010). In a study using macrophages
from bleomycin-injured rat lungs, HA fragments can
induce metalloelastase and inducible nitric oxide
synthase (iNOS) production in macrophages (McKee
et al., 1997; Horton et al., 1999). Noble et al. (1996)
also demonstrated that HA fragments can induce the
nuclear factor-kappa B (NF-kB) activation in murine
macrophages. Our results together with these data
suggested that HMW HA could activate macrophages
to improve Cox-2 and PGE,; production.

In summary, our data demonstrated that HMW
HA can rescue the TNBS colitis through inducing
Cox-2 and PGE,; production in a TLR4-dependent
way. The interactions between HA and macrophages
may have an important role in determining how in-
flammatory responses are resolved. This may help to
find a new therapy for human inflammatory bowel
disease.
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