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Background: Increased mucosal permeability is an important factor in the genesis of mucosal
inflammation in inflammatory bowel disease. This study examined the time course of increased
permeability and the effect of butyrate on permeability in experimental colitis in rats.Methods: Colitis
was induced in albino rats by administration of 4% dextran sulphate sodium (DSS) orally for up to 7 days.
Rats were killed sequentially after 1–7 days of DSS feeding and compared with control animals. Distal
colon sheets, from normal and DSS rats, were mounted in Ussing chambers. Electric resistance and passive
permeation of14C-mannitol were measured over 90 min. In control and 5-day DSS rats additional
permeability measurements were made in the presence of butyrate (25 mmol/l) in the bathing solutions.
The permeability of the normal distal colon was measured after addition of DSS in vitro. Sections of colon
were examined by light microscopy. The viability of colonocytes, from normal and DSS rat colon, was
measured by release of lactate dehydrogenase immediately and during a 60-min incubation after isolation.
Results: Focal mild inflammation and shedding of epithelium were noted after 2 days of DSS
administration; crypt loss with flattened epithelium in adjacent areas after 5 days; and fibrosis after 7 days.
Decreased epithelial cell survival after 60 min of incubation was noted after 1 day of DSS administration,
whereas decreased viability at the time of isolation was noted after 2 days of DSS administration (viability,
72.7%� 1.4%; mean� standard error) compared with control (89.3%� 0.8%) (P< 0.01). Increased
permeability was noted after 1 day of DSS administration. Electric resistance (m
/cm2/h) was significantly
reduced after 1 day of DSS administration to 85.9� 4.6 (mean� standard error) compared with control
animals (117.2� 2.2; P< 0.001). Serosa–mucosa flux of mannitol (mmol/cm2/h) was also significantly
increased after 1 day of DSS feeding (0.169� 0.01) compared with control (0.061� 0.08) (P< 0.01).
Electric resistance and mannitol permeability were significantly returned towards normal by the presence
of butyrate. DSS added directly to the bathing solution did not significantly alter the colon permeability in
vitro. Conclusions:Increased mucosal permeability is a very early change in colitis induced by DSS, is
accompanied by decreased cell survival, and precedes detectable changes in histology. Reversal of
increased mucosal permeability by butyrate may explain its utility in the therapy of inflammatory disease
of the colon.
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The colonic epithelium performs an essential barrier
function in health, preventing luminal microbes and
their potentially toxic products from gaining access

to immunocytes in the lamina propria and to the portal
circulation. The barrier properties are altered in inflammation
or infection of the colon (1–3). Impaired barrier function in
the colon, irrespective of cause, results in mucosal inflamma-
tion (4). The cause of human ulcerative colitis remains
unknown, but increased colonic permeability, reported in
patients with this disease (5), is likely to be important in the
pathogenesis. Altered epithelial permeability has been noted
in Crohn disease, both in those with the disease and in a

significant proportion of their healthy relatives (6, 7), suggest-
ing a primary abnormality.

Short-chain fatty acids—acetate, propionate, and buty-
rate—are produced in the colon by bacterial fermentation of
unabsorbed carbohydrate. These molecules, especially buty-
rate, are important for colonic epithelial cell function. In
addition to being the major energy source for colonocytes,
they stimulate cellular proliferation and differentiation (8, 9).
Butyrate also influences migration of colonic epithelial cells
in vitro (10). Butyrate was also recently shown to enhance
restoration of barrier function in rat colon injured by heat or
detergent (11).
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Colitis induced in mice by oral administration of dextran
sulphate sodium (DSS) has several similarities to human
ulcerative colitis and is a widely used animal model of colitis
(12, 13). Shortening of crypts occurs after exposure to oral
DSS, without pronounced mucosal inflammation, suggesting
that the primary defect in DSS colitis is an abnormal colonic
epithelium. The aims of the present study were to determine
the time course of development of abnormal mucosal
permeability in DSS colitis in relation to histologic changes
and changes in cell viability and to determine the effect of
butyrate on colonic permeability in DSS colitis.

Materials and Methods

Induction of colitis
Adult albino rats, originally of the Wistar strain and

weighing approximately 200 g, were used for this study.
Colitis was induced by administration of DSS (with an
approximate molecular weight of 40,000, 19% sulphation) for
7 days. DSS was added to the feed in 4% concentration and
mixed well. Control rats were pair-fed with normal feed alone
(without added DSS) for 7 days. Rats were killed, by ether
overdose, at daily (1 to 7 days) intervals after commencement
of DSS feeding. The colon was removed, flushed clean with
saline, and opened longitudinally. The distal colon was
removed and used for permeability studies. Distal colon

pieces were also fixed in 10% buffered formalin, taken to
paraffin sections, stained with haematoxylin and eosin, and
examined by light microscopy.

Electric and permeability measurement
Square pieces of distal colon, with intact serosal and

muscular layers, were mounted in Ussing chambers (CHM1;
surface area, 1.13 cm2, World Precision Instruments, USA)
and allowed to equilibrate for 10 min. Tissues were voltage-
clamped by means of an automatic voltage clamp apparatus
(DVC-1000, World Precision Instruments). The solutions in
the reservoirs were oxygenated and maintained at a tempera-
ture of 37°C. They were connected via agar bridges to
calomel electrodes and Ag/AgCl electrodes, which in turn
were connected to the voltage clamps. Mucosal and serosal
bathing solutions were identical and had the following
composition: butyrate-free Ringer solution contained
115 mmol/l NaCl, 25 mmol/l NaHCO3, 2.4 mmol/l K2HPO4,
0.4 mmol/l KH2PO4, 1.2 mmol/l MgCl2, 1.2 mmol/l CaCl2,
and 10 mmol/l glucose; pH 7.4. Butyrate-containing Ringer
solution contained 90 mmol/l NaCl, 25 mmol/l NaHCO3,
2.4 mmol/l K2HPO4, 0.4 mmol/l KH2PO4, 1.2 mmol/l MgCl2,
1.2 mmol/l CaCl2, 24 mmol/l Na butyrate, and 10 mmol/l
glucose; pH 7.4.

Transmural potential difference (PD) was measured at 15-
min intervals. Otherwise the spontaneous PD was short-

Fig. 1. Composite figure showing photomicrographs of distal colon (original magnification,�40) from:
A) normal control rat; B) rat fed dextran sulphate sodium (DSS) for 5 days, showing loss of crypts in one
area with mildly flattened surface epithelium, and replacement by inflammatory cells. An adjacent crypt
is markedly dilated and is lined by flattened epithelium; C) rat fed DSS for 6 days, showing complete loss
of crypts in an extensive area, with very flattened epithelium lining the surface. Hyaline material,
pericryptal fibroblasts, and inflammatory cells are noted in this area; D) rat fed DSS for 7 days, showing
an area of crypt loss with hyalinization and fibrosis in the lamina propria, leading to a contracted area of
lamina propria. Two crypts adjoining this area on either side show dilatation and flattening of the
epithelium.
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circuited so that the tissue was clamped at zero transmural
voltage. Base-line short-circuit current (Isc) and conductance
values were recorded after the tissues had equilibrated for
20 min. The electric resistance of the tissue was determined
from the PD and the imposed current by applying Ohm’s law.
This value provides an indication of the barrier properties of
the epithelium to passive movements of ions across the tissue
(14, 15). To correspond with the flux results, the 0-time
electric resistance measurements recorded actually refer to
measurements made 20 min after tissue was mounted in the
Ussing chambers.

Permeability to macromolecules was assessed by measur-
ing the serosa-to-mucosa flux of the non-absorbable probe
mannitol (15). 14C-Mannitol (concentration, 29.4mM/l;
Board of Radiation and Isotope Technology, India) was
added to the serosal reservoir after 5 min and left to
equilibrate for 15 min. Twenty minutes after mounting of
the tissues (shown as zero time for the experiments) 1 ml of
the mucosal solution was removed for analysis and replaced
by an equivalent amount of the appropriate solution. Further
samples were taken from the mucosal reservoir at 30, 60, and
90 min after commencement of the flux study.

14C was measured with liquid scintillation spectrometry,
using a Rackbeta (LKB Wallac, Sweden) counter. Fluxes of
mannitol were calculated in accordance with the following
formula, and expressed as nmol/cm2/h:

[cpm2 ÿ cpm1] � concentration
Surface area� cpm[H]

Cpm1 and cpm2 are counts per minute of 1 ml of ‘cold’ side
solution before and after each 1-h test period, whereas
cpm[H] refers to counts per minute of 1 ml of ‘hot’ side
solution.

Colonocyte isolation and viability
Colonocytes were isolated, from both normal rats and rats

that had been fed DSS for 1 to 7 days, by ethylenediamine-

tetraacetic acid (EDTA) chelation (16). In brief, the colon was
excised, washed with oxygenated Ca2�-free Krebs–Henseleit
solution, ligated at one end, and distended with the same
solution containing 0.01M EDTA, and the other end sealed.
The distended colon was incubated in oxygenated Ca2�-free
solution in a shaking water bath at 37°C for 20min. At the end
of incubation the colon was removed and gently palpated with
fingers to loosen the cells. Cells were collected and
centrifuged at 600g for 60 sec. The cell pellet was washed
twice and resuspended in Ca2�-containing solution. Cell
viability was measured by means of lactate dehydrogenase
(LDH) release (15). LDH levels in 1 ml supernatant were
measured at each time period and expressed as a percentage of
the LDH content of the cell pellet from 1 ml suspension
immediately after cell isolation. The above value was
subtracted from 100 to give the percentage viability of cells.

Morphologic studies
Distal colon tissue was obtained as earlier mentioned, fixed

in 10% buffered formalin, and embedded in paraffin, and

Table I. The effect of oral dextran sulphate sodium (DSS) administration on tissue electric resistance of the rat distal colon. Electric resistance
(mOhm� cmÿ2 � hÿ1) was the mean� standard error value obtained from study of seven to eight tissues. 0 time was 20 min after the tissue was
mounted in the Ussing chamber

Time (min)

n 0 30 60

Normal control 8 117.2� 2.22 107.0� 3.8 101.4� 5.1
DSS rats

Day 1 8 85.9� 4.6‡ 85.0� 5.2† 79.0� 6.0
Day 2 7 84.6� 7.6† 70.0� 7.6† 66.4� 5.5†
Day 3 8 70.0� 6.2‡ 65.7� 5.1* 69.9� 4.5†
Day 4 7 83.1� 6.5* 75.0� 6.6* 65.1� 5.5†
Day 5 9 77.8� 3.9‡ 71.8� 6.0* 68.3� 6.6†
Day 6 7 73.6� 6.1* 72.5� 6.9* 65.7� 6.7†
Day 7 8 75.9� 4.2‡ 70.4� 5.1* 65.6� 6.1†

Significance of difference of means, compared with control tissue for the same time period, by Mann–Whitney test:†P< 0.05,*P< 0.01,
and‡P< 0.001.

Table II. The effect of oral dextran sulphate sodium (DSS)
administration on14C-mannitol permeability (mmol � cmÿ2 � hÿ1)
across rat distal colon. The first and second flux periods represent two
consecutive 30-min periods after an initial equilibration of 20 min

Time period

n 1 2

Normal control 7 0.061� 0.01 0.146� 0.01
Day 1 7 0.169� 0.01* 0.398� 0.03*
Day 2 7 0.186� 0.02* 0.331� 0.04*
Day 3 8 0.212� 0.02* 0.323� 0.02*
Day 4 7 0.229� 0.02* 0.384� 0.04*
Day 5 7 0.229� 0.01* 0.354� 0.01*
Day 6 7 0.208� 0.02* 0.302� 0.02*
Day 7 8 0.246� 0.01* 0.327� 0.02*

All values are mean� standard error.*P< 0.01 compared with
normal control for the same time period.
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sections examined by light microscopy after being stained
with haematoxylin and eosin.

Statistics
All values were expressed as mean� standard error. The

Mann–Whitney two-tailed test was used to assess the
significance of differences between means of groups. AP
value of less than 0.05 was considered to be statistically
significant.

Results

Histologic features of DSS colitis in rats
Histologic changes in the colon were characteristically

focally distributed. Early changes seen were mild focal
accumulation of inflammatory cells (lymphocytes, eosino-
phils, and occasional neutrophils) in the deep lamina propria
near crypt bases, associated with mild focal shedding and
irregular outline of the epithelium. The most notable
histologic change was the focal loss of crypts associated

Table III. Electric resistance (mOhm � cmÿ2 � hÿ1) of distal colon from normal control rats and rats fed dextran sulphate sodium (DSS) for 5
days. Values shown are mean� standard error of seven to nine tissues bathed in Ringer solutions without (ÿ) or with (�) butyrate. 0 time was
20 min after the tissue was mounted in the Ussing chamber

Control DSS (day 5)

Time (min) Butyrate (ÿ) n = 8 Butyrate (�) n = 7 Butyrate (ÿ) n = 9 Butyrate (�) n = 8

0 117.2� 2.2 112.2� 7.5 77.8� 3.9* 90.9� 5.4†
30 107.0� 3.8 105.2� 8.4 71.8� 6.0* 96.3� 5.4‡
60 101.4� 5.10 98.5� 9.4 68.3� 6.6* 87.7� 4.2§

* P< 0.01 compared with butyrate (ÿ) control.
† P< 0.05 compared with butyrate (�) control.
‡ P< 0.01 compared with butyrate (ÿ) DSS group.
§ P< 0.05 compared with butyrate (ÿ) DSS group.

Table IV. The effect of butyrate on14C–mannitol permeability (mmol � cmÿ2 � hÿ1) across distal colon of normal rats and rats fed dextran
sulphate sodium (DSS) for 5 days

Control DSS (day 5)

Time period Butyrate (ÿ) n = 7 Butyrate (�) n = 7 Butyrate (ÿ) n = 8 Butyrate (�) n = 7

1 0.061� 0.01 0.050� 0.01 0.229� 0.01† 0.174� 0.01*‡
2 0.146� 0.01 0.151� 0.01 0.354� 0.01† 0.242� 0.03*§

All values are mean� standard error.
* P< 0.01 compared with butyrate (ÿ) DSS group.
† P< 0.01 compared with butyrate (ÿ) control.
‡ P< 0.01 compared with butyrate (�) control.
§ P< 0.05 compared with butyrate (�) control.

Table V. Viability of colonocytes isolated from normal rats and animals fed dextran sulphate sodium (DSS) (1 to 7 days). Colonocyte viability
was assessed by lactate dehydrogenase release immediately after incubation and 30 and 60 min after incubation

n 0 min 30 min 60 min

Control 5 89.3� 0.8 88.7� 5.4 85.7� 1.1
Day 1 5 89.4� 0.8 85.3� 3.2 77.2� 2.3*
Day 2 6 72.7� 1.4† 70.3� 7.3* 60.0� 4.6‡
Day 3 6 74.0� 2.2‡ 77.7� 4.3 69.7� 1.9‡
Day 4 6 84.5� 3.7 82.5� 4.0 70.5� 5.5*
Day 5 6 68.7� 3.9‡ 60.0� 4.2‡ 56.0� 5.9‡
Day 6 6 72.3� 2.7‡ 68.5� 4.8* 58.3� 7.0*
Day 7 6 64.3� 3.3† 62.5� 5.9* 56.2� 5.5‡

Values represent mean� standard error of number (n) of experiments shown. Day 1 to 7 represents number of days the animals were fed
DSS. Comparison of means made with control for same time period.

* P< 0.05 compared with control.
† P< 0.001 compared with control.
‡ P< 0.01 compared with control.
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with increased inflammatory infiltrate, which was observed
on the 5th day of DSS administration. Occasional crypts
adjacent to areas of crypt loss were dilated, with flattening of
the lining cells (Fig. 1B). The surface epithelium covering
areas of crypt loss showed flattening and evidence of
regeneration. On day 6 complete loss of crypts in more
extensive areas was noted, with replacement by inflammatory
cells, hyaline material, and pericryptal fibroblasts (Fig. 1C).
By day 7 hyalinization and fibrosis were noted in the areas of
crypt loss (Fig. 1D). The presence of fibrosis was confirmed
with Masson trichrome staining.

Electric resistance and mannitol permeability
The electric resistance of the distal colon was significantly

reduced in all rats receiving DSS orally, even after 1 day of
DSS intake (Table I). Reduction in electric resistance was
consistent, and, although it appeared to further decrease with
continuing DSS intake, the incremental change was not

statistically significant. Permeability to mannitol was mark-
edly increased in rats that had been fed DSS, when compared
with control rats (Table II). Increased mannitol permeability
was again evident after 1 day of DSS administration. Again,
the incremental change in permeability with continuing DSS
intake was not statistically significant.

Effect of butyrate
The electric permeability of tissues from control rats did

not show significant change in the presence of butyrate. The
electric resistance of colitis tissue was significantly higher
when bathed in butyrate compared with tissue bathed in
Ringer solution without butyrate (Table III). In fact, the
electric resistance of butyrate-bathed tissue from DSS-fed rats
was significantly different from that of butyrate-bathed
control tissues only at 0 time and not later (Table III).
Increased permeability to mannitol, noted in colitis tissue,
was also significantly reduced by the presence of butyrate but

Fig. 2. Electric resistance and mannitol permeability of distal colon from normal rats in the absence (n = 7
tissues) or presence (n = 7 tissues) of dextran sulphate sodium (DSS), 1 mmol/l, added to the mucosal
solution. Values shown are mean� standard error. None of the differences were significant.
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did not return to values seen in normal control colon (Table
IV).

Colonocyte viability
Colonocytes from normal control rats showed good

viability, both immediately after isolation (89.3%� 0.8%)
and after 60 min (85.7%� 1.1%). Colonocytes from rats fed
DSS showed significant reduction in viability beginning on
the 2nd day of DSS administration (Table V). However,
colonocytes from DSS rats showed decreased survival after
60 min compared with control colonocytes, even on the 1st
day of DSS administration. By day 7 of DSS administration,
colonocyte viability had decreased significantly to 64.3%�
3.3% (P< 0.01 compared with control).

Effect of DSS on permeability in vitro
Addition of 1 mM DSS to the mucosal bathing solution did

not have any significant effect on the permeability character-
istics of the colon over a period of 60 min (Fig. 2).

Discussion

The barrier function of the colonic mucosa is important in
protecting the body from many antigens and microorganisms
in the colonic lumen. Altered barrier function is considered to
be important in inflammatory diseases of the colon. This study
examined the time course of permeability changes in
experimental colitis in rats and showed that increased
mucosal permeability was the earliest detectable change after
administration of DSS but was also accompanied by
decreased survival of epithelial cells after isolation. Both
changes preceded detectable alterations in mucosal histology.
Furthermore, butyrate was shown to decrease mucosal
permeability in DSS colitis.

DSS induces colitis in rodents and is widely used as a
model of experimental colitis. As noted earlier, crypt loss or
disappearance was the most striking abnormality, with
inflammation remaining a minor component (12, 17). The
crypt loss was typically focal, and the flattened surface and
crypt epithelium adjacent to areas of crypt loss resembled
epithelial restitution seen after superficial injury to colonic
mucosa (18). The exact cause of crypt loss remains unknown,
but evidence from other studies supports the possibility of a
direct cytotoxic effect on the colonic epithelium (16, 19, 20).
We have shown that colonocyte metabolism of butyrate is
disturbed in DSS colitis (16).

The cause of increased colonic mucosal permeability in rats
fed DSS remains a matter of conjecture. Tight junctions
between epithelial cells in the colon constitute the major
determinant of mucosal permeability. Various perturbations
affecting epithelial cells, including cellular hypoxia, meta-
bolic inhibition, nitric oxide, oxidant stress, certain cytokines,
and endotoxaemia, have been shown to increase intestinal
permeability (15). The present studies suggest that altered
mucosal permeability in DSS colitis was secondary to

epithelial cell damage, since decreased cell survival of
epithelial cells was also noted at the same time as the altered
permeability. We have earlier shown altered colonocyte
metabolism of butyrate in DSS colitis in mice (16), although
the change in metabolism was detectable experimentally only
after histologic changes developed. DSS-induced damage is
very focal, and since the permeability measurements are very
sensitive, it is possible that permeability changes were
detected early after exposure to DSS, when only a small
proportion of cells were affected. In mice with DSS colitis
colonic permeability to Evans Blue dye has been shown to be
increased (17, 21). These studies measured permeation
occurring during in vivo incubation, and altered permeability
was detectable only after 3 days of DSS administration (17).
As in the present study, permeability changes preceded
mucosal inflammation (17). In the present study surface
epithelial cells over areas of crypt loss were flattened. It is
likely that this morphologic change was associated with
disturbed tight junction function, and this is likely to also
contribute to increased mucosal permeability. DSS added in
vitro did not alter mucosal permeability over a short period.
This suggests that DSS did not directly affect tight junction
function.

Altered mucosal permeability is an important factor in the
pathogenesis of colonic mucosal inflammation, since it
provides noxious luminal antigens with access to immune
cells in the lamina propria. DSS and other forms of
experimental colitis do not develop in the absence of luminal
bacteria (22, 23). Mucosal inflammation in DSS colitis in rats
has been attenuated by different manoeuvres, including
butyrate enemas, insulin-like growth factor I, and keratino-
cyte growth factor (24–26). Insulin-like growth factor and
keratinocyte growth factor probably act through epithelial
regrowth or protection, maintaining mucosal integrity and
barrier function. In the present study butyrate significantly
decreased the permeability change in DSS colitis. We have
also recently shown that butyrate enhances restoration of
barrier function after superficial injury to the colon by heat or
detergent exposure (11). Butyrate speeds migration of
epithelial cell lines after injury in vitro (10). Butyrate is
known to have effects on tight junction function (27), and this
may contribute to its effect on permeability in DSS colitis.
Besides their effect on experimental colitis (24, 28), butyrate
enemas also reduce or reverse inflammation (assessed by
histologic changes) in diversion colitis and ulcerative colitis
in man (29–31). Several explanations have been provided for
these mucosal anti-inflammatory effects of butyrate. One
reason suggested is that butyrate provides energy substrate to
colonic epithelial cells. Butyrate also inhibits tumour necrosis
factor (TNF)-induced interleukin (IL)-8 secretion by intest-
inal epithelial cell lines in a dose-dependent manner (24). The
ability of butyrate to decrease mucosal permeability in
experimental colitis, shown in this study, may now be
considered an additional explanation of its beneficial effect
in inflammatory diseases of the colon.
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