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Abstract Proteoglycans (PG) are macromolecules com-

posed of glycosaminoglycan chains covalently attached to a

protein core. In this study, we examined the effects of PG on

dextran sulfate sodium (DSS)-induced experimental colitis

in rats. First, to examine whether PG may ameliorate acute

established DSS colitis, PG was administered orally for

5 days to the model animals. We evaluated the effects of PG

on the basis of clinical symptoms, hematological analysis,

macroscopic observation, and microscopic examination.

We then examined whether PG administered orally to

rats was detectable in their colonic lumen. After adminis-

tration of PG, the colonic contents were collected, and the

molecular weight of PG in the sample was analyzed by gel

filtration high-performance liquid chromatography. Fur-

thermore, we examined whether orally administered

PG affected the concentrations of short-chain fatty acids

(SCFAs) in the colonic feces. Orally administered PG

ameliorated the clinical symptoms of bloody stools and

diarrhea, and attenuated the increase in the white blood cell

count in rats with established DSS colitis. Histologically,

orally administered PG reduced the degree of mucosal

erosion and inflammatory cell infiltration into the erosive

area induced by DSS. Orally administered PG was detected

in rat colon, although its molecular weight was slightly

decreased. Orally administered PG significantly increased

the concentration of total SCFAs and n-butyrate in rat

colonic feces. This is the first study to indicate that exoge-

nous PG ameliorates experimental colitis, suggesting the

potential usefulness of PG for clinical treatment of colitis.
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Abbreviations

CS Chondroitin sulfate

DSS Dextran sulfate sodium

GAG Glycosaminoglycan

HPLC High-performance liquid chromatography

PG Proteoglycans

SCFAs Short-chain fatty acids

UC Ulcerative colitis

Introduction

Proteoglycans (PG) are macromolecules with molecular

weights of several million composed of glycosaminoglycan

(GAG) chains attached covalently to a protein core [1, 2].

PG may be present intracellularly at the cell surface or in

the extracellular matrix. The biological roles of PG are

highly diverse, ranging from relatively simple mechanical

support to more intricate, as yet rather poorly understood

effects on various cellular processes, such as adhesion,

motility, and proliferation, as well as differentiation and

tissue morphogenesis [1, 2].

Chondroitin sulfate (CS) is a major GAG component of

PG [1, 2]. Inflammatory conditions, such as necrotizing
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enterocolitis and inflammatory bowel diseases, result in a

loss of CS in the mucosa [3, 4]. It is also postulated that CS

partially inhibits leukocyte elastase activity and inhibits

connective tissue mast cells [5, 6]. CS is used as a safe drug

in patients with osteoarthritis [7]. In humans, orally admin-

istered CS is believed to be degraded in the colon [8, 9].

Generally, dietary carbohydrates that escape digestion in the

small intestine undergo bacterial fermentation in the colon and

generate short-chain fatty acids (SCFAs). One of the SCFAs,

n-butyrate, is used in the treatment of distal ulcerative colitis

(UC) [10, 11].

As described above, the functions of endogenous PG or

CS, and the digestion of exogenous CS, have been studied.

However, details of the function and digestion of exoge-

nous PG in vivo remain unknown. Therefore, we

investigated whether PG may ameliorate the acute colitis

induced by dextran sulfate sodium (DSS) in rats [12].

Materials and Methods

Animals and Housing Conditions

Male Wistar rats weighing 270–300 g were purchased from

CLEA Japan (CLEA Japan, Inc., Tokyo, Japan). These

animals were housed in wire mesh-bottom cages in a room

with controlled temperature (22 ± 2�C), humidity (60%),

and a light-dark cycle (12 h:12 h). Standard rodent chow

pellets (Oriental MF; Oriental Yeast Co., Ltd., Tokyo,

Japan) and tap water were provided ad libitum. All animal

experiments in this study followed the Guidelines for

Animal Experimentation of Hirosaki University.

Preparation of PG and CS from Salmon Nasal Cartilage

PG from salmon nasal cartilage was prepared by the

method described by Majima et al. [13]. CS was prepared

by digestion of PG with Actinase E (Kaken Pharmaceutical

Co., Tokyo, Japan) and endo-b-xylosidase [14]. Briefly, PG

was treated with actinase E in 0.1M Tris–HCl buffer (pH

8.0) containing 10 mM CaCl2 at 50�C for 12 h. The pre-

cipitate obtained with 4 vol of NaCl-saturated ethanol was

digested with endo-b-xylosidase in 0.1 M sodium acetate

buffer (pH 4.0) at 37�C for 12 h [14]. After ethanol pre-

cipitation, CS bearing a linkage region at its reducing

terminal sites was obtained. The monosaccharide and

protein composition of PG, expressed as a molar ratio

against hexosamine at 1.00, was uronic acid 0.99, sulfate

0.67, and protein 6.99% (w/w). Analysis of unsaturated

disaccharides of this PG yielded DDi-0S 15.1%, DDi-6S

59.4%, DDi-4S 25.1%, DDi-diSD 0.3%, and DDi-triS 0.1%

[13]. PG and CS were dissolved in distilled water (DW) to

produce a 1% solution.

Effect of PG on Established DSS Colitis

A total of 62 rats was included in this experiment. Colitis

was induced by oral DSS, as described by Okayasu et al.

[12] with modification. The normal group (n = 10) was

given DW for 10 days. The control, CS, and PG groups

were given 4% DSS (mean molecular weight 5,000, sulfur

content 18.5%, degree of sulfation 2.4; Wako Pure

Chemical Industries, Ltd., Osaka, Japan) solution for the

first 5 days to induce colitis and 1% DSS solution for the

next 5 days to maintain the colitis. The PG and CS groups

(n = 16 each) received 1% PG solution 1.5 ml or 1% CS

solution 1.5 ml orally twice a day for the last 5 days. The

control group (n = 20) was given DW 1.5 ml orally twice

a day for the last 5 days. The quantity of DSS ingested and

the stool conditions were monitored daily. Stool consis-

tency and blood content were scored from observations

made in a pilot study by the method of Cooper et al. [15]

and subsequently modified: grade 0, normal stools with

well-formed pellets; grade 1, loose stools of pasty and

semi-formed appearance; grade 2, diarrhea with liquid

stools that stick to the anus; grade 3, stools with blood;

grade 4, gross bleeding with constant bleeding from the

anus.

On days 1, 5, and 10, blood was withdrawn from the tail

vein of rats under ether anesthesia with a 1-ml syringe and

a 26-gauge needle. The blood was collected into a vial

containing EDTA (Sysmex Co., Ltd., Tokyo, Japan). For

hematological examination, the erythrocyte count (RBC)

and leukocyte count (WBC) were determined with a blood

cell counter (Sysmex F-520; Sysmex Co.).

On day 10, rats were killed by an intraperitoneal over-

dose of Nembutal (Dainippon Pharmaceutical Co., Ltd.,

Osaka, Japan). After sacrifice, the colon from the colo-

cecal junction to the anal verge was excised. The colon was

opened longitudinally from the mesenteric side, dilated,

and fixed in neutral buffered formalin. The colon was cut

longitudinally in the midline for 5 cm from the anal verge

and used for microscopic assessment. Specimens were

embedded in paraffin. Sections 4-lm thick were stained

with hematoxylin and eosin. All sections were examined

blind by an experienced gastrointestinal pathologist (M.T.),

who determined the ratio of the erosive area to total

mucosa and the infiltration degree of neutrophils, mono-

nuclear cells, and eosinophils in the erosive area. The

degree was classified as minimal (= 0), mild (= 1), mod-

erate (= 2), or severe (= 3), and the data for the lamina

propria mucosae and submucosa were recorded separately.

Detection of PG in Colonic Lumen

A total of nine rats was included in this experiment. Rats

were deprived of chow pellets for 24 h. One percent PG
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solution 1.5 ml or 1% CS solution 1.5 ml was administered

orally to rats in the test groups. Control rats received 1.5 ml

of DW. At 1, 2, and 3 after administration, rats were killed

by an intraperitoneal overdose of Nembutal.

After sacrifice, the colon from the colo-cecal junction to

the anus was excised. Both ends of the colon were ligated

with forceps, and the serosal side of the colon was washed

with sterile saline. The colonic contents were rinsed out in

10 ml of DW containing protease inhibitors (1 mM PMSF,

5 mM benzamidine, 1 mM EDTA, 10 mM N-ethylmalei-

mide) and suspended. The suspension was centrifuged at

15,000g for 15 min at 4�C. The collected supernatants

were applied to a reverse-phase column (Sep-Pak Plus C18;

Waters Co., Ireland) and the extract liquid (1.0 ml) was

lyophilized. This concentrated sample thus lyophilized was

dissolved in 0.2 M NaCl buffer (100 ll) and subjected to

gel filtration by high-performance liquid chromatography

(HPLC) (model L-6200; Hitachi Ltd., Tokyo, Japan).

Size-fractionation HPLC was performed on a Shodex

OHpak SB-805 column (0.8 9 30 cm2; Showa Denko Co.,

Tokyo, Japan) with 0.2 M NaCl at a flow rate of 0.5 ml/min.

The column temperature was 30�C. Fractions were assayed

for uronic acid by the carbazole reaction [16].

Effect of PG on SCFAs in Colonic Feces

A total of 18 rats were included in this experiment. Stan-

dard rodent chow pellets and tap water were provided

ad libitum. The PG group (n = 6) and the CS group

(n = 6) received 1% PG solution 1.5 ml or 1% CS solution

1.5 ml twice a day for 5 days. The control group (n = 6)

received 1.5 ml DW twice a day for 5 days. On day 6, 12 h

after the last administration, rats were killed, and the colon

from the colo-cecal junction to the anus was excised. The

contents of the colon were collected and weighed in a test

tube. The contents were suspended in 3 vol of DW and

centrifuged at 3,000g for 15 min. The supernatants

(100 ll) were used for analysis of SCFA by HPLC.

Analysis of SCFA was performed by the method

described previously [17, 18]. Briefly, standard SCFAs (GL

Science Inc., Tokyo, Japan) and SCFAs in the samples,

including ethyl butyrate as an internal standard, were

labeled with an SCFA labeling kit (YMC Co., Tokyo,

Japan), separated on a reverse-phase column (YMC-Pak

FA, 0.6 9 25 cm2; YMC Co.) and detected by UV fluo-

rescence at 400 nm.

Statistical Analysis

All results are presented as means ± SEM. Overall statisti-

cal difference was determined by one-way analysis of

variance, and post-test comparisons between the two groups

were performed with the Student–Neuman–Keuls test.

Results

Effect of PG on Symptom Score and Hematological

Values

During this experiment, there was no significant difference

between the groups in the quantity of 4% DSS or 1% DSS

consumed (data not shown). First, we observed colitis

symptoms daily and scored them (Fig. 1). The normal

group did not show colitis symptoms during this experi-

ment (average score 0 ± 0). DSS caused severe diarrhea or

gross bleeding from the anus in the DSS ingestion groups.

On day 5, when treatment was started, the scores in the

DSS ingestion groups did not differ significantly. The score

in the control group increased daily, but from day 7 it

showed a mild improvement. On days 9 and 10, the aver-

age scores in the control group were 2.65 ± 0.19 and

2.50 ± 0.26, respectively. The score in the PG group

increased daily, but from day 6 the symptoms of colitis

improved markedly. On days 9 and 10, the symptoms in the

PG group were significantly improved, with average scores

of 1.75 ± 0.19 and 1.56 ± 0.30, respectively (P \ 0.05 vs.

control). On days 9 and 10, the symptoms in the CS group

were not significantly improved, with average scores of

2.37 ± 0.23 and 2.06 ± 0.19, respectively.

We then examined blood from the tail vein (Table 1).

On day 1, there were no differences in RBC and WBC

between the groups. On day 5, RBC and WBC in the DSS-

treated groups were not significantly different. On day 10,

RBC in the PG group was significantly higher than in the

control group, and WBC in the PG group was significantly

lower than in the control group. However, RBC and WBC

in the CS group on day 10 showed no difference from the

control group.

Fig. 1 Effect of PG on colitis symptom score. Rats were given 4%

DSS solution for the first 5 days, followed by 1% DSS solution for the

last 5 days, and colitis symptoms induced by DSS were monitored

daily according to the score described in ‘‘Materials and methods.’’

The arrow indicates the day that treatment with PG or CS was started.

d, Control group; u, CS group; s, PG group. *P \ 0.05 vs. control
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Effect of PG on Macroscopic and Histopathologic

Changes

First, the severity of DSS-induced colitis was compared

macroscopically. As shown in Fig. 2a, DSS caused short-

ening of the colon and macroscopic ulceration in the distal

colon. These changes were milder in the PG and CS

groups. DSS caused significant shortening of the colon in

the control group (15.31 ± 0.29 cm) compared with the

normal group (18.90 ± 0.38 cm). However, oral adminis-

tration of PG significantly ameliorated the shortening of

colon length (17.03 ± 0.32 cm) compared with the control

group. Oral administration of CS (15.98 ± 0.29 cm) did

not significantly ameliorate the shortening in comparison

with the control group (Fig. 2b).

Next, the severity of mucosal damage and mucosal

inflammation was evaluated by histopathologic observation

(Figs. 3–5). For histopathologic evaluation, we used a

specimen of the distal colon taken 5 cm from the anal verge

because, as shown in Fig. 2a, macroscopic mucosal damage

was limited to the distal 5 cm of the colon. The total length

of mucosa in this section did not differ significantly among

the groups (normal group, 49.20 ± 0.74 mm; control group,

47.89 ± 0.85 mm; CS group, 48.66 ± 0.50 mm; PG group,

47.26 ± 0.57 mm). In the normal group, no mucosal dam-

age or erosion was observed. However, areas of erosion

were observed in the DSS-treated group, as shown in

Fig. 3a. The erosion area as a proportion of the total mucosa

was 36.31 ± 3.13% in the control group. Oral administra-

tion of PG significantly reduced the area of erosion

compared with the control group. However, oral CS did not

significantly reduce the area of erosion (Fig. 3b).

We also evaluated infiltration of inflammatory cells into

the area of erosion. Neutrophils, eosinophils, and mono-

nuclear cells were observed in the erosive area and were

localized in the lamina propria mucosae and submucosa. In

the lamina propria mucosae, oral administration of PG

significantly reduced the infiltration of neutrophils and

increased the infiltration of eosinophils compared with the

control group (Figs. 4 and 5a). In the submucosa, oral

administration of PG significantly reduced the infiltration

of neutrophils compared with the control group (Fig. 5b).

Table 1 The time course of WBCs and RBCs count in the tail vein

Day 1 Day 5 Day 10

WBC 9 103/mm3 (leucocyte cell count)

Normal 124.2 ± 4.8 123.3 ± 6.2 127.1 ± 5.4

Control 132.3 ± 7.7 255.2 ± 14.9 248.6 ± 13.3

CS 121.9 ± 5.7 257.9 ± 8.6 230.7 ± 10.3

PG 134.1 ± 10.8 251.5 ± 15.8 201.6 ± 14.0*

RBC 9 104/mm3 (erythrocyte cells count)

Normal 773.2 ± 11.0 782.3 ± 10.8 775.7 ± 9.2

Control 756.0 ± 6.9 695.7 ± 14.1 564.6 ± 32.2

CS 750.3 ± 10.6 698.8 ± 15.4 588.4 ± 28.3

PG 745.5 ± 11.4 685.8 ± 17.2 673.4 ± 28.9*

Each value represents the mean ± SEM

* P \ 0.05 vs. control

Fig. 2 Effect of PG on

macroscopic changes. For

details of experimental design,

see ‘‘Materials and methods.’’

(a) Gross appearance of the

luminal side of the distal colon.

The bar indicates 5 cm length.

(b) The length of the colon from

the anal verge to the colo-cecal

junction was measured

(*P \ 0.05 vs. control)
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Detection of PG in the Colonic Lumen

We examined whether orally administered PG and CS was

detectable in the rat colon. Uronic acid-containing mate-

rials were not detectable in samples from the colonic

contents of control rats (Fig. 6a) or at 1 and 2 h after oral

administration of PG or CS (data not shown). At 3 h after

oral administration of PG, high-molecular-weight uronic

acid-containing materials were detected in the colonic

content sample near the void volume area; however, a low-

molecular-weight peak was also detected (Fig. 6c). On the

other hand, at 3 h after oral administration of CS, only the

low-molecular-weight peak was detectable (Fig. 6b).

Effect of PG on SCFAs in Colon Feces

We examined whether orally administered PG or CS can

affect the concentration of SCFAs in colon feces. The

concentrations of individual SCFAs in colon feces are

shown in Table 2. The concentration of n-butyrate was

significantly increased by oral administration of PG

(P \ 0.05 vs. control). The concentration of acetate was

significantly increased by oral administration of CS

(P \ 0.05 vs. control). The total concentration of SCFAs

was significantly increased by oral administration of PG

(P \ 0.05 vs. control), but was not significantly affected by

oral administration of CS.

Discussion

In this study using rats with DSS-induced colitis, oral

administration of PG ameliorated the clinical symptoms of

bloody stools and diarrhea, and attenuated the increase in the

WBC count. Histologically, orally administered PG reduced

the degree of mucosal erosion and inflammatory cell infil-

tration into the erosive area induced by DSS. Orally

administered PG was more resistant than CS to degradation

in vivo. Orally administered PG significantly increased the

concentrations of n-butyrate and total SCFAs in colon feces.

We suggest that the anti-inflammatory effect of PG on DSS-

Fig. 3 Effect of PG on erosive area induced by DSS. For details of

experimental design, see ‘‘Materials and methods.’’ (a) Microphoto-

graph of the erosive area in the control group (H&E staining; original

magnification, 49). (b) The percentage of the erosion area relative to

the total mucosa was calculated (*P \ 0.05 vs. control)

Fig. 4 Inflammatory cell infiltration into the erosive area. For details

of experimental design, see ‘‘Materials and methods.’’ Representative

microphotographs of lamina propria mucosa in the erosive area of the

control group (a) and that of the PG group (b) (H&E staining; original

magnification, 409). In the control group (a), many neutrophils had

infiltrated, whereas eosinophil infiltration was remarkable in the PG

group (b)
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induced colitis may be due to the increase of n-butyrate and

that for this role the structure of PG is important.

DSS-induced experimental colitis resembles human UC

[12], is reproducible, and seems to be an adequate model

for verifying the efficacy of drugs in preventing or healing

colitis lesions [19, 20]. Overgrowth of Bacteroides and

Clostridium species has been demonstrated [12], and a

topical toxic effect of DSS on colonic epithelial cells has

also been proposed [21]. However, the exact mechanism of

DSS-induced mucosal injury is not fully understood.

Consequently, we designed a rat colitis model involving

administration of 4% DSS solution to induce the colitis and

1% DSS solution to maintain the colitis.

The earliest lesions in acute DSS colitis appear to be

progressive loss and dropout of crypts, starting with loss of

the basal one-third of the crypt and progressing to formation

of erosions [15]. Therefore, we examined inflammatory cell

infiltration in the most severe lesions (erosive area). In acute

DSS colitis, the inflammatory infiltrate in the erosive

area consists of neutrophils, lymphocytes, and plasma cells

[12, 15, 19]. Oral administration of PG significantly reduced

neutrophil infiltration into the lamina propria mucosae and

submucosa in the areas of erosion induced by DSS (Fig. 4c,

d), suggesting that PG may have an anti-inflammatory effect.

Oral administration of PG significantly increased eosin-

ophil infiltration into the lamina propria mucosae in the areas

Fig. 5 Effect of PG on inflammatory cell infiltration into the erosive

area. The inflammatory cell infiltration was scored in a blind manner,

as described in ‘‘Materials and methods.’’ Mean values for inflam-

matory cell infiltration into the lamina propria mucosa (a) and

inflammatory cell infiltration into the submucosa (b) are plotted

(*P \ 0.05 vs. control)

Fig. 6 Detection of orally administered PG in the colonic content of

rats. Colonic content was subjected to gel-filtration HPLC on a

Shodex OHpak SB-805 column, as described in ‘‘Materials and

methods.’’ (a) 4, control. (b) u, CS, e, administered CS. (c) d, PG,

�, administered PG. V0, void volume. Vt, total volume. Uronic acid-

containing materials were not detected in samples from the colonic

contents of control rats (a). After oral administration of PG, high-

molecular-weight uronic acid-containing materials were detected in

the colonic content sample near the void volume area; however, a

low-molecular-weight peak was also detected (c). On the other hand,

after oral administration of CS, only the low-molecular-weight peak

was detected (b)
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of erosion (Figs. 4b and 5a). In human UC, although the

significance of eosinophil infiltration is unclear, the infil-

tration is significantly less marked in patients requiring

surgery than in those responding to medical treatment [22].

In DSS colitis, the degree of eosinophil infiltration does not

reflect the severity of the disease or the extent of tissue

damage [23]. Eosinophils may act as homeostastic immune

modulators and play an anti-inflammatory role, releasing

aryl sulfatase B, phospholipase D, histaminase, and other

chemical mediators [24–27]. The eosinophils in the human

colonic mucosa account for more overall phagocytic activity

than either neutrophils or macrophages [28, 29]. If neutrophil

infiltration is reduced in erosive areas, eosinophils may play

a major role in defense against invasion of enteric bacteria

into the ulcerated colonic mucosa.

In this experiment, we evaluated the leukocyte and eryth-

rocyte count in venous blood from the tail vein. Oral

administration of PG attenuated the increase in the leukocyte

count (Table 1), and this result was in concern with the

mucosal and submucosal neutrophil infiltration. PG amelio-

rated the symptoms of colitis (Fig. 1) and attenuated the

decrease in erythrocyte count caused by bleeding (Table 1).

This bleeding is likely to arise from erosion formation, and our

results showed that PG reduced the area of erosion (Fig. 3b).

Oral administration of CS did not produce the effects

described above to any significant extent. This difference

may have been due to the concentration of SCFAs in colonic

feces. Orally administered PG increased the concentration of

n-butyrate, whereas CS increased the concentration of ace-

tate (Table 2). Acetate and propionate are absorbed and

transported to the liver for gluconeogenesis (propionate) or

to various tissues as fuel (acetate), whereas butyrate is oxi-

dized by the colonic epithelium [30]. There is evidence that

SCFAs in colon feces are decreased in human UC and also in

DSS-induced colitis [31, 32]. Use of n-butyrate enema has

been proposed for the treatment of refractory distal UC

[10, 11]. Moreover, n-butyrate may exert anti-inflammatory

effects by suppressing the activation of the TNF-a-induced

nuclear factor (NF)-jB [33]. Taking the above observations

together, we suggest that the anti-inflammatory effect of PG

on DSS-induced colitis may be due to an increased con-

centration of n-butyrate in the colon.

The difference in the effects of PG and CS on colonic SCFA

may be explained by the core protein of PG, which is com-

posed mainly of serine and glycine [1, 2, 13]. The principal

SCFAs that result from fermentation of both carbohydrates

and amino acids are acetate, propionate, and butyrate,

although formate, valerate, caproate, and the branched-chain

fatty acids formed during the catabolism of branched-chain

amino acids (valine, leucine, and isoleucine) are also produced

in lesser amounts [34]. It has been reported that germinated

barley foodstuff containing protein and hemicellulose signif-

icantly increases the concentrations of n-butyrate in normal

rats and rats with DSS-induced colitis [35, 36].

Orally administered PG significantly increased the total

concentration of SCFAs in colonic feces, whereas orally

administered CS did not (Table 2). As shown in Fig. 6b, CS

in the colon was completely degraded, suggesting that the

degradation of CS started in the cecum, generating SCFAs in

the cecum through the action of intestinal bacteria. CS is

degraded by the anaerobic bacteria of the large intestine,

mainly Bacteroides thetaiotaomicron [8, 9]. This bacterium

also degrades pectin and other types of dietary fiber [15] and

generates SCFAs [37]. Although the molecular size was

slightly decreased, administered PG was detected in the rat

colonic lumen (Fig. 6c), indicating that, compared with CS,

PG is more resistant to degradation in vivo. Because of the

attachment of CS chains to the protein backbone, the

digestion of PG by B. thetaiotaomicron is slower than that of

free CS in vitro [38]. Since SCFAs are absorbed readily by

the intestinal mucosa [39], it is likely that SCFAs generated

from CS by intestinal bacteria in the cecum are absorbed

there and therefore unable to increase the concentration of

SCFAs in the distal colon.

In conclusion, this is the first study to indicate that

exogenously administered PG ameliorates experimental

colitis, and we suggest that the anti-inflammatory effect of

PG on DSS-induced colitis may be due to an increased

concentration of n-butyrate in the colon, for which the

structure of PG may be important. The present findings

suggest that PG may have potential therapeutic applica-

tions for patients with colitis.
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